@ Innovations in Plant Science for Better Health: From Soil to Fork

Bioactive Compounds
of Medicinal Plants

Properties and Potential for Human Health

Editors Megh R. Goyal | Ademola 0. Ayeleso

AAP

APPLE
g N @ CRC Press
PRESS Taylor & Francis Group




BIOACTIVE COMPOUNDS
OF MEDICINAL PLANTS

Properties and Potential for Human Health



Ado9 Joyiny

SSald dlwapedy a|ddy

For Non-Commercial Use



Innovations in Plant Science for Better Health:
From Soil to Fork

BIOACTIVE COMPOUNDS
OF MEDICINAL PLANTS

Properties and Potential for Human Health

Edited by
Megh R. Goyal, PhD, PE
Ademola Olabode Ayeleso, DTech

APPLE
ACADEMIC
PRESS

AAP




Apple Academic Press Inc. Apple Academic Press Inc.

3333 Mistwell Crescent 9 Spinnaker Way
Oakville, ON L6L 0A2 Waretown, NJ 08758
Canada USA

© 2019 by Apple Academic Press, Inc.
Exclusive worldwide distribution by CRC Press, a member of Taylor & Francis Group
No claim to original U.S. Government works

International Standard Book Number-13: 978-1-77188-648-2 (Hardcover)
International Standard Book Number-13: 978-1-315-14747-5 (eBook)

All rights reserved. No part of this work may be reprinted or reproduced or utilized in any form or by any
electric, mechanical or other means, now known or hereafter invented, including photocopying and re-
cording, or in any information storage or retrieval system, without permission in writing from the publish-
er or its distributor, except in the case of brief excerpts or quotations for use in reviews or critical articles.

This book contains information obtained from authentic and highly regarded sources. Reprinted material
is quoted with permission and sources are indicated. Copyright for individual articles remains with the
authors as indicated. A wide variety of references are listed. Reasonable efforts have been made to publish
reliable data and information, but the authors, editors, and the publisher cannot assume responsibility for
the validity of all materials or the consequences of their use. The authors, editors, and the publisher have
attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material
has not been acknowledged, please write and let us know so we may rectify in any future reprint.

Trademark Notice: Registered trademark of products or corporate names are used only for explanation
and identification without intent to infringe.

Library and Archives Canada Cataloguing in Publication

Bioactive compounds of medicinal plants : properties and potential for

human health / edited by Megh R. Goyal, PhD, PE, Ademola Olabode Ayeleso, DTech.
(Innovations in plant science for better health : from soil to fork)

Includes bibliographical references and index.

Issued in print and electronic formats.

ISBN 978-1-77188-648-2 (hardcover).--ISBN 978-1-315-14747-5 (PDF)

1. Plant bioactive compounds. 2. Medicinal plants. 3. Materia medica,

Vegetable. 1. Goyal, Megh Raj, editor II. Ayeleso, Ademola Olabode, editor

TII. Series: Innovations in plant science for better health

QK898.B54B56 2018 615.3°21 C2018-903205-7 C2018-903206-5

Library of Congress Cataloging-in-Publication Data

Names: Goyal, Megh Raj, editor. | Ayeleso, Ademola Olabode, editor.

Title: Bioactive compounds of medicinal plants : properties and potential for
human health / editors, Megh R. Goyal, Ademola Olabode Ayeleso.

Description: Toronto ; New Jersey : Apple Academic Press, 2018. | Series:
Innovations in plant science for better health : from soil to fork |
Includes bibliographical references and index.

Identifiers: LCCN 2018024233 (print) | LCCN 2018024978 (ebook) | ISBN
9781315147475 (ebook) | ISBN 9781771886482 (hardcover : alk. paper)

Subjects: | MESH: Plants, Medicinal | Phytotherapy | Diabetes Mellitus--drug
therapy | Plant Extracts--therapeutic use | Africa

Classification: LCC RS164 (ebook) | LCC RS164 (print) | NLM QV 770 HA1 | DDC
615.3/21--dc23

LC record available at https://lccn.loc.gov/2018024233

Apple Academic Press also publishes its books in a variety of electronic formats. Some content that appears
in print may not be available in electronic format. For information about Apple Academic Press products,
visit our website at www.appleacademicpress.com and the CRC Press website at www.crepress.com



CONTENTS

About Senior Editor-in-Chief ...............ccocooviiiiiniiiiiiiieiieee e ix
About CO-EdItOT ..ot Xi
LiSt Of CONIPIDULOTS ...t Xiii
List Of ADDIEVIALIONS ...........ccuveeeeiieiieiieie e Xvii
Preface 1 by Megh R. GOYaL .............cccocoveiiiiniiiiiiiiicteeec e XXI
Preface 2 by Ademola Ayeleso ...............ccccoccovcieviioiivciiiiiiiieeieee, Xxv
Warning/ DiSCLATIer ...............ccccooiiiiiiiiieeeiee et XXVii
Innovations in Plant Science for Better Health.....................c...c.cc.coo.... XXix
About the Book Series Editor-in-CRief..............ccccccovvveveniacieniaiennianenne xxxi
BOOKS i1 the Series ...........cccoueiiiiiiiiiiiiiiiiit e XXXITT
Book ENdorsements.................ccccuoveiieiiiiiiiieee e XXXV
Other Books on Agricultural & Biological Engineering from AAP......xxxvii

PART I: BIOACTIVE COMPOUNDS IN MEDICINAL PLANTS
AND HEALTH BENEFITS 1

1. Phytochemistry and Antifungal Activity of Desmodium
adscendens Root Extracts 3

Nwanekwu Kenneth Emeka, Adeniyi Bola, and Mahady Gail

2. Bioactive Compounds in Plants and Their Antioxidant Capacity....... 13

Oluyemisi Elizabeth Adelakun, Islamiyat Folashade Bolarinwa, and
Johnson Akinwumi Adejuyitan

3.  Plants of the Genus Syzygium (Myrtaceae): A Review on
Ethnobotany, Medicinal Properties, and Phytochemistry........ccceueeune. 35

JTan Edwin Cock and Matthew Cheesman



vi

PART II: MEDICINAL PLANTS/PLANT PRODUCTS

AND HEALTH PROMOTION

Contents

85

Effects of Talinum triangulare on Hepatic Antioxidant Gene
Expression Profile in Carbon Tetrachloride-Induced Rat
Liver Injury

87

Gbenga Anthony Adefolaju, Benedict Abiola Falana, Adeoye
Oluwole Oyewopo, and Anthony Mwakikunga

Review on Potential of Seeds and Value-Added Products
of Bambara Groundnut (Vigna subterranea): Antioxidant,

Anti-Inflammatory, and Anti-Oxidative Stress

Yvonne Yeukai Murevanhema, Victoria Adaora Jideani, and
Oluwafemi Omoniyi Oguntibeju

Antioxidant and Antimicrobial Activity of Opuntia aurantiaca

Lindl

101

149

Wilfred Mbeng Otang and Anthony Jide Afolayan

Dietary Intervention of Utazi (Gongrenema latifolium)

Supplemented Diet Using Wistar Male Rat Animal Brain Model....... 163

Esther Emem Nwanna, Ganiyu Oboh,
and Olukemi Abimbola Okediran

PART III: MEDICINAL PLANTS AND MANAGEMENT OF

10.

DIABETES MELLITUS

185

Therapeutic Potentials of Selected Medicinal Plants in the
Management of Diabetes Mellitus: A Review

187

Folorunso Adewale Olabiyi, Yapo Guillaume Aboua,
and Oluwafemi Omoniyi Oguntibeju

Medicinal Activities of Anchomanes difformis and Its Potential

in the Treatment of Diabetes Mellitus and Other Disease
Conditions: A Review

219

Toyin Dorcas Udje, Nicole Brooks, and Oluwafemi Omoniyi Oguntibeju

Screening of Different Extracts of Ageratum conyzoides for
Inhibition of Diabetes-Related Enzymes

237

Mutiu Idowu Kazeem, Oluwatosin Ogunkelu,
Ademola Olabode Ayeleso, and Emmanuel Mukwevho



Contents vii

11. Potential of Catharanthus roseus and Punica granatum in
the Management and Treatment of Diabetes Mellitus and Its
Complications 251

Mediline Goboza, Prisca Kachepe, Yapo Guillaume Aboua,
and Oluwafemi Omoniyi Oguntibeju

PART IV: MEDICINAL PLANTS AND MANAGEMENT OF
HYPERTENSION 299

12. Ginger and Turmeric Supplemented Diet as a Novel Dietary
Approach for Management of Hypertension: A Review.........c..couue... 301

Ayodele Jacob Akinyemi, Ganiyu Oboh,
and Maria Rosa Chitolina Schetinger



Ado9 Joyiny

SSald dlwapedy a|ddy

For Non-Commercial Use



ABOUT SENIOR EDITOR-IN-CHIEF

Megh R. Goyal, PhD

Retired Professor in Agricultural and Biomedical
Engineering, University of Puerto Rico,
Mayaguez Campus Senior Acquisitions Editor,
Biomedical Engineering and Agricultural Science,
Apple Academic Press, Inc.

E-mail: goyalmegh@gmail.com

Megh R. Goyal, PhD, PE, is a Retired Professor
in Agricultural and Biomedical Engineering from
the General Engineering Department in the College of Engineering at the
University of Puerto Rico-Mayaguez Campus; and Senior Acquisitions
Editor and Senior Technical Editor-in-Chief in Agriculture and Biomedi-
cal Engineering for Apple Academic Press, Inc. He has worked as a Soil
Conservation Inspector and as a Research Assistant at Haryana Agricul-
tural University and Ohio State University.

During his professional career of 45 years, Dr. Goyal has received
many prestigious awards and honors. He was the first agricultural engi-
neer to receive the professional license in Agricultural Engineering in
1986 from the College of Engineers and Surveyors of Puerto Rico. In
2005, he was proclaimed as “Father of Irrigation Engineering in Puerto
Rico for the Twentieth Century” by the American Society of Agricultural
and Biological Engineers (ASABE), Puerto Rico Section, for his pioneer-
ing work on micro irrigation, evapotranspiration, agroclimatology, and
soil and water engineering. The Water Technology Centre of Tamil Nadu
Agricultural University in Coimbatore, India, recognized Dr. Goyal as one
of the experts “who rendered meritorious service for the development of
micro irrigation sector in India” by bestowing the Award of Outstanding
Contribution in Micro Irrigation. This award was presented to Dr. Goyal
during the inaugural session of the National Congress on “New Chal-
lenges and Advances in Sustainable Micro Irrigation” on March 1, 2017,



X About Senior Editor-in-Chief

held at Tamil Nadu Agricultural University. On August 1 of 2018, ASABE
bestowed on him Netafim Award for Advancements in Micro irrigation.

As a prolific author and editor, he has written more than 200 jour-
nal articles and textbooks and has edited over 55 books. He received his
BSc degree in engineering from Punjab Agricultural University, Ludhiana,
India; his MSc and PhD degrees from Ohio State University, Columbus;
and his Master of Divinity degree from Puerto Rico Evangelical Seminary,
Hato Rey, Puerto Rico, USA.



ABOUT CO-EDITOR

Ademola O. Ayeleso

Senior Lecturer, Department of Biochemistry,
Adeleke University, Nigeria

E-mail: ademola.ayeleso@gmail.com

Ademola Ayeleso, DTech, is a Senior Lecturer in

the Department of Biochemistry at Adeleke Uni-

versity, Ede, Nigeria. Dr. Ayeleso is working on the
1 use of medicinal plants, plant products, and syn-
thesized compounds in the management of diabetes mellitus, which has
become a major threat to the lives of people in both urban and rural areas
throughout the world.

He has presented research papers at different international conferences.
Dr. Ayeleso obtained his BTech degree in Biochemistry at the Federal
University of Technology, Akure, Nigeria. He received his MSc degree
in Biochemistry at the University of Port Harcourt, Port Harcourt, Nige-
ria, and his doctoral degree in Biomedical Technology at the Cape Pen-
insula University of Technology, Bellville, South Africa. He has worked
as a Postdoctoral Research Fellow in some universities in South Africa.
Dr. Ayeleso is a prolific writer with over 20 publications to his credit.
He is presently the Head of Department (Biochemistry) and Director of
the Office of Research, Grant and Linkages at Adeleke University, Ede,
Nigeria.




Ado9 Joyiny

SSald dlwapedy a|ddy

For Non-Commercial Use



LIST OF CONTRIBUTORS

Yapo Guillaume Aboua
Researcher, Faculty of Health and Wellness Sciences, Cape Peninsula University of Technology,
P.O. Box 1906, Bellville 7535, South Africa, Mobile: +278-27029043, E-mail: abouay@cput.ac.za

Gbenga Anthony Adefolaju

Senior Lecturer, Department of Preclinical Sciences, University of Limpopo, Private Bag x1106,
Sovenga 0727, South Africa, Tel.: +271-52683281, Mobile: +277-86462774,

E-mail: gbenga.adefolaju@ul.ac.ac.za, adefolajugbenga@gmail.com

Johnson Akinwumi Adejuyitan

Lecturer 1, Department of Food Science and Engineering, Ladoke Akintola University of
Technology, P.M.B. 4000, Ogbomoso, Oyo State, Nigeria, Mobile: +234-8105049457,
E-mail: jaadejuyitan@lautech.edu.ng

Oluyemisi Elizabeth Adelakun

Senior Lecturer, Department of Biological Sciences, Covenant University at Ota — Ogun State,
Nigeria and Department of Food Science and Engineering, Ladoke Akintola University of
Technology, P.M.B 4000, Ogbomoso, Oyo State, Nigeria, Mobile: +234-8030713796,

E-mail: Olu_yemisi2000@yahoo.com; oeadelakun@lautech.edu.ng,
oluyemisi.adelakun1@covenantuniversity.edu.ng

Bola Adeniyi
Professor, Department of Pharmaceutical Microbiology, Faculty of Pharmacy, University of Ibadan,
P.O. Box 22346, Ibadan, Oyo State Nigeria, Mobile: 08-053039343, E-mail: baadeniyi@yahoo.com

Anthony Jide Afolayan

Research Professor, Medicinal Plants and Economic Development (MPED) Research Centre,
Department of Botany, University of Fort Hare, Private Bag X1314, Alice 5700, South Africa,
Tel.: +27-406022321, Fax: +27-866282409, E-mail: aafolayan@ufh.ac.za

Ayodele Jacob Akinyemi

Senior Lecturer, Department of Biochemistry, Afe Babalola University Ado-Ekiti, Private Mail Bag
5454, Nigeria, Mobile: +234-8035866170,

E-mail: akinyemiaj@abuad.edu.ng; ajakinyemi2010@yahoo.co.uk

Ademola Olabode Ayeleso
Senior Lecturer, Department of Biochemistry, Adeleke University, Ede, Osun State, Nigeria,
Mobile: +2348144556529, E-mail: ademola.ayeleso@gmail.com

Islamiyat Folashade Bolarinwa

Lecturer 1, Department of Food Science and Engineering, Ladoke Akintola University of
Technology, P.M.B. 4000, Ogbomoso, Oyo State, Nigeria, Mobile: +234-9030771688,
E-mail: islamiyat202@yahoo.co.uk; ifbolarinwa@lautech.edu.ng

Nicole Brooks

HOD, Department of Wellness Sciences, Faculty of Health and Wellness Sciences, Cape
Peninsula University of Technology, 7535 Cape Town, South Africa, Mobile: +272-14603436,
E-mail:brooksn@cput.ac.za



Xiv List of Contributors

Matthew Cheesman

Principal Researcher, School of Pharmacy and QUM Network, Gold Coast Campus, Griffith
University, Southport, Queensland 4222, Australia. Phone: +61-755529230,

E-mail: m.cheesman@griffith.edu.au

Ian Edwin Cock

Principal Researcher and Research Group Leader, Environmental Futures Research Institute
and School of Natural Sciences, Griffith University, 170 Kessels Rd, Nathan, Queensland 4111,
Australia. Phone: +61-737357637, E-mail: I.Cock@griffith.edu.au

Benedict Abiola Falana

Lecturer, Department of Anatomy, Faculty of Basic Medical Sciences, College of Health Sciences,
Osun State University, Osogbo, Nigeria, Mobile: +234-8067033706,

E-mail: benedict.falana@uniosun.edu.ng

Mediline Goboza

Nutrition and Chronic Diseases Research Group, Oxidative Stress Research Centre, Department
of Biomedical Sciences, Faculty of Health and Wellness Sciences, Cape Peninsula University of
Technology, P.O. Box 1906, Bellville 7535, South Africa, Mobile: +277-87770768,

E-mail: medgoboza@gmail.com

Victoria Adaora Jideani

Professor, Department of Food Science and Technology, Faculty of Applied Science, Cape Peninsula
University of Technology, Symphony Way, Off Robert Sobukwe Road, P.O. Box 1906,

Bellville 7535, South Africa, Mobile: +277-88391615, E-mail: jideaniv@cput.ac.za

Prisca Kachepe

Nutrition and Chronic Diseases Research Group, Oxidative Stress Research Centre, Department
of Biomedical Sciences, Faculty of Health and Wellness Sciences, Cape Peninsula University of
Technology, P.O. Box 1906, Bellville 7535, South Africa, Mobile: +277-19541439,

E-mail: kachepepriscak@yahoo.com

Mutiu Idowu Kazeem
Lecturer, Department of Biochemistry, Lagos State University, P.M.B 0001, Lagos, Nigeria,
Mobile: +234-8030622000, E-mail: mikazeem@gmail.com

Gail Mahady
Research Professor, Department of Pharmacy Practice, University of Illinois, Chicago, IL, 60608,
U.S.A., Mobile: 1-3129961669, E-mail: mahady@ucl.edu

Emmanuel Mukwevho
Associate Professor, Department of Biological Sciences, North-West University, Private Bag X2046,
Mmabatho, 2735, South Africa, Tel.: +271-83892854, E-mail: emmanuel.mukwevho@nwu.ac.za

Yvonne Yeukai Murevanhema

Nutrition and Chronic Diseases Research Group, Oxidative Stress Research Centre, Department
of Biomedical Sciences, Faculty of Health and Wellness Sciences, Cape Peninsula University of
Technology, P.O. Box 1906, Bellville 7535, South Africa, Mobile: +277-20437156,

E-mail: yymurevanhema@mail.com

Anthony Mwakikunga
Senior Lecturer, Anatomy Department, College of Medicine, Blantyre, Malawi,
Mobile: +265-885328924, E-mail: mwakikungaanthony@gmail.com

Kenneth Emeka Nwanekwu
Lecturer, Department of Microbiology, Faculty of Science, Imo State University, P.M.B. 2000,
Owerri, Imo State, Nigeria, Tel: 08-065831258, E-mail: kennwanekwu(@yahoo.com



List of Contributors XV

Esther Emem Nwanna

PhD Candidate and Research scientist, Department of Biochemistry, Federal University of
Technology (FUTA), P.M.B 704 Ondo State, Nigeria, Mobile: +234-8068062480,

E-mail: esthernwanna@gmail.com

Ganiyu Oboh

Professor, Functional Foods and Nutraceuticals Unit, Department of Biochemistry, Federal
University of Technology Akure, Private Mail Bag 704, Akure 340001, Nigeria,

Mobile: +234-7031388644, E-mail: goboh2000@yahoo.com

Oluwatosin Ogunkelu
Department of Biochemistry, Lagos State University, PM.B 0001, Lagos, Nigeria,
Mobile: +234-7037479241, E-mail: slygirl006@yahoo.com

Oluwafemi Omoniyi Oguntibeju

Professor, Nutrition & Chronic Diseases Research Unit (Phytomedicine & Diabetes), Oxidative
Stress Research Centre, Department of Biomedical Sciences, Faculty of Health and Wellness
Sciences, Cape Peninsula University of Technology, P.O. Box 1906, Bellville 7535, South Africa,
Mobile: +277-11400428, E-mail: oguntibejuo@cput.ac.za

Olukemi Abimbola Okediran

Graduate Student and Research Assistant, Integrated Science, Department Federal college of
Education Oyo State, Nigeria, Mobile: +234-8033644916, E-mail: khemmydot@yahoo.com

Folorunso A. Olabiyi

Nutrition and Chronic Disease Research Group, Oxidative Stress Research Centre, Department
of Biomedical Sciences, Faculty of Health and Wellness Sciences, Cape Peninsula University of
Technology (CPUT), Bellville 7535, South Africa, E-mail: folabiyi@gmail.com

Wilfred Mbeng Otang

Senior Lecturer, School of Biology and Environmental Sciences, Faculty of Agriculture and Natural
Sciences, University of Mpumalanga, Mbombela Campus, Private bag X 11283, Nelspruit 1200,
Mpumalanga, South Africa, Tel.: +27-33257274, E-mail: wilfredotang5@yahoo.com

Adeoye Oyetunji Oyewopo

Senior Lecturer, Department of Anatomy, Faculty of Basic Medical Sciences, College of Health
Sciences, University of Ilorin, Ilorin, Kwara State, Nigeria, Mobile: +234-8033925431,

E-mail: oyewopo.ao@unilorin.edu.ng

Maria Rosa Chitolina Schetinger

Professor, Postgraduate Program in Biological Sciences and Biochemical Toxicoloy, Natural
Sciences Exatas, Federal University of Santa Mara — University Campus (Centro de Ciéncias
Naturais e Exatas, Universidad de Federal de Santa Maria, Campus Universitario), Camobi, Santa
Maria, RS CEP 97105-900, Brazil, Mobile: +55- 5596757775, E-mail: mariachitolina@gmail.com

Toyin Dorcas Udje

Nutrition & Chronic Diseases Research Unit (Phytomedicine & Diabetes), Oxidative Stress
Research Centre, Department of Biomedical Sciences, Faculty of Health and Wellness Sciences,
Cape Peninsula University of Technology, Bellville, 7535 Cape Town, South Africa,

Mobile: +277-89876608, E-mail: toyudoc@yahoo.com, 215299787@mycput.ac.za



Ado9 Joyiny

SSald dlwapedy a|ddy

For Non-Commercial Use



LIST OF ABBREVIATIONS

AA arachidonic acid

AAS atomic absorption spectrophotometry
AC adenyl cyclase

ACE angiotensin-1 converting enzyme
Ach acetylcholine

Ache acetylcholinesterase

AD Alzheimer’s disease

ADA adenosine deaminase

AGEs advanced glycation end products
AHE artemisia herba-alba extract
ANOVA analysis of variance

AR aldose reductase

ATCC American Type Culture Collection
ATP adenosine triphosphate

BChE butyrylcholinesterase

BGN bambara groundnut

BP blood pressure

CAT catalase

CC Carum carvi L.

CCl, carbon tetrachloride

CE capillary electrophoresis

CKD chronic kidney disease

CML carboxymethyl-lysine

CMV cytomegaloviruses

CNS central nervous system

COX cyclooxygenase

CPC centrifugal partition chromatography
CPH cyclophosphamide

CPSO cold-pressed pomegranate seed oil
CS Capparis spinosa

CVD cardiovascular disease



XViii

DAD
DAG
DCMM
DKD
DM
DMSO
DN
DNA
DNPH
DNSA
ED
ENOS
ESI
ESRD
ETC
FRAP
FRIN
GAPDH
GC
GC-FID

GI
GPC
GPX
GR
GST
HCV
HDL
HER2
HOCI
HPGxP
HPLC
HPV
HSCCC
IDDM
IL-1

List of Abbreviations

diode array detector

diacylglycerol

dichloromethane-methanol

diabetic kidney disease

diabetes mellitus

dimethysulphoxide

diabetic nephropathy

deoxyribonucleic acid

dinitrophenyl hydrazine

dinitrosalicylic acid

erectile dysfunction

endothelial nitric oxide synthase

electron spray ionization

end stage renal disease

electron transport chain

ferric ion reducing antioxidant power
Forest Research Institute of Nigeria
glyceraldehyde-3-phosphate dehydrogenase
gas chromatography

Gas Chromatography Coupled with Flame Ionization
Detector

gastrointestinal

gel permeation chromatography
glutathione peroxidase

glutathione reductase

glutathione transeferase

hepatitis C virus

high density lipoprotein cholesterol
human epidermal growth factor receptor-2
hypochlorous acid

hydroperoxide glutathione peroxidase
high performance liquid chromatography
human papillomavirus

high speed counter current chromatography
insulin dependent diabetes mellitus
interleukin-1



List of Abbreviations Xix

IRS
LAB
LC
LDL
LPO
LPS
MAO
MCP-1
MDA
MDA
MECC
MFC
MI

MIC
MS
NADPH
NAFLD
NCDs
NFxB

NIDDM
NMR
NO
NSAIDs
NTPDase
NUS
ORAC
OS

PA
PBGS
PC

PCR

PD
PDA
PFJ
PFLE

insulin receptor substrates

lactic acid bacteria

liquid chromatography

low-density lipoprotein

lipid peroxidation

lipopolysaccharide

monoamine oxidase

monocyte chemotactic protein -1
malondialdehyde

mass drug administration
micellar-electrokinetic capillary chromatography
minimum fungicidal concentration
myocardial infarction

minimum inhibitory activity

mass spectrometry

nicotinamide adenine dinucleotide phosphate
non-alcoholic fatty liver disease
non-communicable diseases

nuclear factor kappa-light-chain enhancer of activated
beta cells

non-insulin-dependent diabetes mellitus
nuclear magnetic resonance spectroscopy
nitric oxide

non-steroidal anti-inflammatory drugs
nucleoside triphosphate phosphohydrolase
neglected and underutilized species
oxygen radical absorbance capacity
oxidative stress

Phyllanthus amarus

porphobilinogen synthase

paper chromatography

Polymerase chain reaction

Parkinson’s disease

photo diode array

pomegranate fermented juice
pomegranate flower extract



XX

PJ

PK
PKC
PS
PUFAs
RAGE

RMS
RNS
ROS
RSS
SD
SDA
SDH
SFC
SMCS
SOD
STZ
TBARS
TCA
TCM
TEAC
TKs
TLC
TNF-a
TTAE
UAE
VA
VBA
VCEAC
VEGF
WHO
7P

List of Abbreviations

pomegranate juice

protein kinase

protein kinase C

phosphatidylserine

polyunsaturated fatty acids

receptor of advanced glycation end products
renin-angiotensin aldosterone system
reactive molecular species

reactive nitrogen species

Reactive oxygen species

reactive sulfur species

standard deviation

sabouraud dextrose agar

sorbitol dehydrogenase

supercritical fluid chromatography
S-methyl cysteine sulphoxide
superoxide dismutase

streptozotocin

thiobarbituric acid reactive species
trichloroacetic acid

traditional Chinese medicine

trolox equivalent antioxidant capacity
tyrosine kinases

thin layer chromatography

tumor necrosis factor

talinum triangulare aqueous extract
urine albumin excretion

vernonia amygdalina

vitalboside A

vitamin C equivalent antioxidant capacity
vascular endothelial growth factor
World Health Organization

Zona Pellucida



PREFACE 1 BY MEGH R. GOYAL

“25 grams of soy protein a day,

as part of a diet low in saturated fat and cholesterol,

may reduce the risk of heart disease.” [USFDA 21CFR101.82]
—Ramabhau Patil, PhD

“Let food be thy medicine and medicine be thy food—
Who said anything about medicine? Lets eat—

That your food should be better than the medicine.”
—attributed to Hippocrates
(https://en.wikipedia.org/wiki/Hippocrates)

Quality and nutritional value of foods are highly dependent on envi-
ronment, agricultural practices, production conditions, and consumer pref-
erences, which all may provide different effects on human health. One of
the main challenges of food science and technology is to optimize food
production to have a minimal environmental footprint, to lower produc-
tion costs, and to improv quality and nutritional value.

Therefore, we introduce this book volume Bioactive Compounds of
Medicinal Plants: Properties and Potential for Human Health, under the
book series Innovations in Plant Science for Better Health: From Soil to
Fork. This book covers mainly the current scenario of the research and
case studies especially under conditions of the African continent on: (1)
Bioactive compounds in medicinal plants and health benefits: phytochem-
istry and antifungal activity of Desmodium adscendens root extracts/ bio-
active compounds in plants and their antioxidant capacity, plants of the
genus Syzygium (Myrtaceae)—review on ethnobotany/ medicinal proper-
ties and phytochemistry; (2) Medicinal plants/plant products and health
promotion: Talinum triangulare—hepatic antioxidant gene expression
profile in carbon tetrachloride-induced rat liver injury, review on potential
of seeds and value added products of bambara groundnut: antioxidant/
anti-inflammatoryand anti-oxidative stress, antioxidant and antimicrobial



xxii Preface 1 by Megh R. Goyal

activity of Opuntia aurantiaca Lindl, protective effect of Gongrenema
latifolium on cyclophosphamide-induced stress on male wistar rats brain
in vivo; (3) Medicinal plants and management of diabetes mellitus: review
of therapeutic potentials of selected medicinal plants in the management
of diabetes mellitus and potential of medicinal activities of Anchomanes
difformis in the treatment of diabetes mellitus and other disease condi-
tions, screening of different extracts of Ageratum conyzoides for inhibi-
tion of diabetes-related enzymes, potential of Catharanthus roseus and
Punica granutum in the management and treatment of diabetes mellitus;
(4) Medicinal plants and management of hypertension: review on ginger/
turmeric supplemented diet as a novel dietary approach for management
of hypertension: a review.

This book volume sheds light on the potential of medicinal plants from
the African continent for human health for different technological aspects,
and it contributes to the ocean of knowledge on food science and technol-
ogy. We hope that this compendium will be useful for the students and
researchers as well as those working in the food, nutraceutical, and herbal
industries.

The contributions by the cooperating authors to this book volume have
been most valuable this compilation. Their names are mentioned in each
chapter and in the list of contributors. We appreciate their patience with
our editorial skills. This book would not have been written without the
valuable cooperation of these investigators, many of whom are renowned
scientists who have worked in the field of food engineering and food sci-
ence throughout their professional careers.

I am glad to introduce Dr. Ademola O. Ayeleso (co-editor of this book),
who is Senior Lecturer, Department of Biochemistry, Adeleke University,
Ede, Osun State, in Nigeria. With experience in Medicinal Plant Research,
Dr. Ayeleso brings his expertise and innovative ideas in this book. With-
out his support and leadership qualities as editor of this book volume and
extraordinary work on Bioactive Compounds of Medicinal Plants, readers
will not have this quality book.

We will like to thank editorial staff, Sandy Jones Sickels, Vice Presi-
dent, and Ashish Kumar, Publisher and President at Apple Academic
Press, Inc., for making every effort to publish the book when the diminish-
ing water resources are a major issue worldwide. Special thanks are due to
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the AAP Production Staff for typesetting the entire manuscript and for the
quality production of this book.

We request that readers offer their constructive suggestions that may
help to improve the next edition.

We express our admiration to our families and colleagues for their
understanding and collaboration during the preparation of this book vol-
ume. As an educator, there is a piece of advice to one and all in the world:
Permit that our almighty God, our Creator, provider of all and excellent
Teacher, feed our life with Healthy Food Products and His Grace, and Get
married to your profession.

—Megh R. Goyal, PhD, PE
Senior Editor-in-Chief
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PREFACE 2 BY ADEMOLA AYELESO

Plants are known to contain compounds (also referred to as phytochemi-
cals) in the leaves, stems, flowers, and fruits that can help to promote
human health. Therefore, medicinal plants/plant products are drawing the
attention of researchers/policymakers because of their demonstrated ben-
eficial effects against diseases with high global burdens such as: diabetes,
hypertension, cancer, and neurodegenerative diseases (Alzheimer’s dis-
ease and Parkinson’s disease). The side effects associated with conven-
tional medicine have awakened the interest of researchers to explore the
medicinal plants as alternative or complementary medicine.

In Africa, medicinal plants play a major role in the traditional health
care system due to accessibility and affordability. In some parts of Africa,
traditional medicine is still a fundamental part of the health care system
because of the availability of an endless list of medicinal plants. People
also seek treatments for diseases using natural sources because modern
medicine has not been able to provide remedy. These plants were discov-
ered by traditional healers to have active properties against certain dis-
eases mostly by chance or by testimonies from other users. Hence, there is
a need for substantial scientific evidence in terms of efficacy, dosage, and
safety in order for traditional herbs to have a place in modern medicine.

This book presents scientific reports on the medicinal values of differ-
ent plants against diseases. It aims to further encourage the development of
plant-based drugs through innovative and ground-breaking research stud-
ies and, thus, will help to promote the health and economic well-beings of
people around the world. The understanding of the therapeutic values of
these plants will also help to improve their sustainability, as people and
governments will be encouraged to preserve and conserve the plants for
future generations. The book covers the phytochemistry and health-pro-
moting potential of the plants against different ailments, such as diabetes,
hypertension, and microbial infections. Some of the mechanisms by which
these plants exert their beneficial effects are also reported.
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I thank Dr. Megh R. Goyal for his leadership qualities and for inviting
me to join his team.
—Ademola Olabode Ayeleso, DTech



WARNING/ DISCLAIMER

PLEASE READ CAREFULLY

The goal of this volume, Bioactive Compounds of Medicinal Plants:
Properties and Potential for Human Health, is to offer current knowledge
on medicinal plants under African conditions for human health and to pro-
vide the world community with information on how to use this know-how
efficiently.

The editors, the contributors, and the publisher have made every effort
to make this book as accurate as possible. However, there still may be
grammatical errors or mistakes in the content or typography. Therefore,
the contents in this book should be considered as a general guide and not
a complete solution to address any specific situation.

The editors and publisher shall have neither liability nor responsibility
to any person, organization, or entity with respect to any loss or damage
caused, or alleged to have caused, directly or indirectly, by information or
advice contained in this book. Therefore, the purchaser/reader must assume
full responsibility for the use of the book or the information therein.

The mention of commercial brands and trade names are only for tech-
nical purposes. It does not mean that a particular product is endorsed over
another product or equipment not mentioned. The editors and publisher do
not have any preference for a particular product.

All weblinks that are mentioned in this book were active at the time of
publication. The editors and the publisher shall have neither liability nor
responsibility if any of the weblinks are inactive at the time of reading of
this book.
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CHAPTER 1

PHYTOCHEMISTRY AND
ANTIFUNGAL ACTIVITY OF
DESMODIUM ADSCENDENS
ROOT EXTRACTS
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1.1 INTRODUCTION

Medicinal plants have long been used for centuries as healthcare products.
Traditional medicine of many communities of the world, however, may
have originated from the age-long link with nature and natural products,
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of which plants and plant materials form a greater part [7]. A number of
people rely on herbs for the treatment of various diseases ranging from
common cold to other infectious diseases caused by viruses, bacteria,
protozoa, and fungi, which are endemic in the communities [5]. of partic-
ular concern in this study is community-based fungal infections. Among
these infections, dermatomycoses commonly called ringworm and can-
didiasis are the most common mycoses in the rural communities. These
infections are widespread and are difficult to control most of the times
with commonly available antibiotics, thereby necessitating the need for
alternative treatments [9]. Desmodium adscendens (a member of the fam-
ily Fabaceae) is a perennial leguminous plant growing in the form of a
multibranched shrub up to 50 cm in height in the equatorial and circum-
equatorial zones of Central and South America and Africa [3]. It grows in
small areas of the Andes at elevations of 1000 to 3000 m above sea level
and produces numerous light purple flowers and green fruits in small,
bean-like pods. It is indigenous to many tropical countries and grows in
open forests, pastures along roadsides, and, like many weeds, just about
anywhere the soil is disturbed. Today, many tribes in many parts of the
world use D. adscendens as a medicine for various purposes. A tea of
the plant is given for treating nervousness, and it is used in baths to treat
vaginal infections [8], promote lactation in women, and treat wounds,
sores, malaria, diarrhea, and ovarian and uterine problems [10]. Most of
the antimicrobial studies carried out on this plant have focused on leaves
and were mostly against bacterial pathogens.

This chapter is aimed at screening the root extracts of D. adscendens
(Strongback tick-trefoil) for its antifungal properties against fungal patho-
gens with the goal of developing alternative treatment options.

1.2 MATERIALS AND METHODS

1.2.1 PLANT MATERIALS

The plant samples used in this research were bought from local traders at
Oje market, Ibadan, Nigeria. All samples were identified, authenticated,
and stored at the Forestry Research Institute of Nigeria (FRIN) herbarium,
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Ibadan, Nigeria, with voucher number FHI 108301. They were air dried
and ground to powder.

1.2.2 MICROORGANISMS

The microorganisms in this research were clinical strains of Candida
valida, Candida albicans, Candida pseudotropicalis, Candida tropicalis,
Candida glabrata, Candida krusei, Trychophyton rubrum, Trychophyton
tonsurans, Trychophyton interdigitale, and Epidermophyton floccosum
that were obtained from the University College Hospital and American
Type Culture Collection (ATCC) strains of Candida parapsilosis ATCC
22011, C. krusei ATCC 6825, and C. albicans ATCC 90029.

1.2.3 EXTRACTION OF PLANT ACTIVE COMPONENTS

The air-dried grinded root samples weighing 600 g were Soxhlet extracted
with hexane and methanol solvents in succession for 6 hours each accord-
ing to the method by Adeniyi et al. [1]. The extracts were concentrated by
evaporation under vacuum until dry and then stored in the refrigerator at
4°C for further use.

1.2.4 PHYTOCHEMICAL SCREENING

The dried grinded plant samples were subjected to phytochemical analysis
to determine the presence of secondary metabolites such as saponins, tan-
nins, alkaloids, cardenolides, and anthraquinones. Standard procedures were
employed in the screening process as described by Sonibare et al. [13].

1.2.5 ANTIFUNGAL SCREENING

The antifungal screening of the plant extracts was carried out using the
agar diffusion technique as described by Adeniyi et al. [2]. Sabouraud
dextrose agar (SDA) plates were seeded with 0.2 mL of 1/100 dilution of
an overnight culture of the fungal isolates and left to stand. A standard
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cork borer of 6 mm diameter was used to bore uniform wells on the agar
surface, and 1000 pg/mL concentration of the test extract was filled in
each well. The antifungal antibiotics griseofulvin, tioconazole, ketocon-
azole, and nystatin (250 pg/mL) were also added to the agar wells as
control. The plates were left to stand for an hour to allow for sufficient
diffusion of the extract into the medium before incubation. All plates
seeded were incubated at 25°C for 48 hours. At the end of the incubation
period, diameters of the zone of inhibition observed were measured in
millimeters.

1.2.6 DETERMINATION OF MINIMUM INHIBITORY
CONCENTRATION (MIC) AND MINIMUM FUNGICIDAL
CONCENTRATION (MFC)

The minimum inhibitory concentration (MIC) of the active plant extracts
was determined using the broth dilution method as described by Obiukwu
and Nwanekwu [12]. The extracts were serially diluted using Mueller Hin-
ton broth to get varying concentrations of 1000, 500, 250, 125, and 62.5
ug/mL in different test tubes. The tubes were subsequently inoculated with
0.1 mL suspension of the test organism and incubated at 25°C for 48 hours.
The least concentration of the extract at which no detectable microbial
growth was observed was recorded as the MIC.

Furthermore, from the tubes showing no visible detectable micro-
bial growth, 0.1 mL of the content was plated out onto the surface of
an agar medium and then incubated for 24 to 48 hours at 25°C. The
minimum fungicidal concentration (MFC) was taken as the lowest con-
centration without growth on the agar plate. Fungicidal activity of the
plant extracts with time (kill kinetics) was determined with the viable
counting technique.

1.3 RESULTS

The phytochemical screening of the powdered plant samples to determine
the presence of secondary metabolites revealed the presence of tannins,
saponins, alkaloids, and anthraquinones (Table 1.1).
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Table 1.2 presents the results of the antifungal screening test and the
MIC and MFC of the plant extract and the antibiotic ketoconazole against
the test fungal isolates. The plant extracts showed antifungal activity against
all fungal isolates except C. valida and C. glabrata, with the best activity
exhibited against C. albicans. This is evident in the highest inhibition zone
diameter recorded at 25 mm. A comparative analysis showed that the plant
extract was less active against the standard strains and dermatophytes than

TABLE 1.1 Phytochemical Composition of Desmodium adscendens Root extracts

Metabolites Saponins Tannins Alkaloids Cardenolides Anthraquinone
Results Yes Yes Yes No Yes
Yes = Present; No = Absent.

TABLE 1.2  Antifungal Activity of Desmodium adscendens Extracts Against Fungal
Species Showing Inhibition Zone Diameter (mm), MIC (ug/mL) and MFC (pg/mL)

Test organism Diameter zone of MIC MFC Antibiotic control

inhibition (mm) (ng/ (ng/mL) (Ketoconazole) (mm)
mL)

C. albicans 25 250 500 12

C. krusei 21 250 1000 -R

C. glabrata _ B B -R

C. tropicalis 22 250 500 -R

C.pseudotropicalis 19 125 500 -R

C. valida _ B B B

C. parapsilosis

ATCC 22019 15 125 500 -R

C. krusei

ATCC 6825 18 125 500 -R

C.albicans

ATCC90029 15 125 250 -R

T rubrum 17 250 500 -R

T interdigitales 17 250 1000 12

Ttonsurans 18 250 1000 20

E. floccosum 18 125 1000 -R
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against the clinical strains. The MIC of the plant extract ranged from 125 to
250 pg/mL and the MFC ranged from 250 to 1000 pug/mL.

Four conventional antifungal drugs (ketoconazole, griseofulvin, tio-
conazole, and nystatin) were used as control drugs. of these four drugs,
only ketoconazole showed activity against some of the fungal species,
while the remaining drugs were inactive.

The kill kinetics of the active plant extracts against the organisms are
presented in Figures 1.1 and 1.2. These figures show a plot of the percent-
age number of surviving cells of the test organism with time of exposure.
This analysis revealed a reduction in the number of viable organisms with
an increase in exposure time.

1.4 DISCUSSION

The extracts had varying degrees of antifungal activities against the
tested fungi. This was confirmed by the varying diameter zones of inhi-
bition of the extract on the fungal pathogens in the in vitro test. The
plant extract possessed plant metabolites such as tannins, saponins,
alkaloids, and anthraquinones, which have been shown to possess anti-
microbial properties [4, 6]. In this study, the antifungal activity of the

4
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FIGURE 1.1 Kinetic kill curve of D. adscendens extracts against 7. rubrum.
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FIGURE 1.2 Kinetic kill curve of D. adscendens extracts against C. tropicalis.

extract was observed to be enhanced with an increase in the concen-
tration of the extract. Furthermore, the antifungal properties reported
in this chapter are in agreement with those reported by Muanda et al.
[11] and Rastogi et al. [14], who at different times studied the anti-
microbial and ethnopharmacological properties of the D. adscendens
plant. They reported that the plant extract demonstrated considerable
antimicrobial activity against common microbial pathogens. The anti-
fungal activity demonstrated by D. adscendens gives credence to its
traditional medicinal use for the treatment of venereal sores, vaginal
discharge, painful urination, and other sexually transmitted infections
[8, 14]. The higher activity observed against the clinical strains of the
test organisms is noteworthy as it indicates that the plant extracts could
be effectively applied in clinical use in infection management. The
results of the comparative study between the test extract and the avail-
able antibiotics is of significance as the test organisms showed high
levels of resistance to these conventional drugs, thus buttressing the
significance of this study as a search for alternative therapy to these
infections.
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1.5 CONCLUSIONS

As stated earlier, many people in the developing nations lack access
to essential medicine and thus rely on herbal therapy. However, while
herbal remedies provide cheap and available treatment of infections, care
must be taken to ensure that appropriate regulations are implemented and
adhered to, so as to maximize their inherent benefits while reducing any
adverse reactions.

1.6 SUMMARY

The phytochemical properties and antifungal activity of the methanol
extracts of D. adscendens roots were investigated against common fungal
pathogens implicated in various mycoses. These fungal species included
C. valida, C. pseudotropicalis, C. tropicalis, C. glabrata, C. krusei, C.
albicans, Trychophyton rubrum, T. tonsurans, T. interdigitale, and E.
floccosum and standard typed strains of C. parapsilosis ATCC 22011, C.
krusei ATCC 6825, and C. albicans ATCC 90029. The preliminary phy-
tochemical screening revealed the presence of tannins, saponins, alka-
loids, and anthraquinones. The extract was active against most of the test
organisms except C. valida and C. glabrata, with a high activity exhibited
against C. albicans. The zone of inhibition diameter ranged from 15 to
25 mm. The MIC and MFC values of the extracts ranged from 25 to 125
pg/mL and 25 to 500 pg/mL, respectively. The antifungal drugs griseo-
fulvin, tioconazole, and nystatin used as controls were inactive against
the organisms except ketoconazole, which was active against only four
of the organisms tested. Thus, this confirms the antifungal potential of D.
adscendens and its capability of being a good replacement for the con-
ventional drugs as an alternative if properly processed.
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2.1 INTRODUCTION

Plant species provide a large variety of bioactive compounds, and they act not
only as a source of food but also as medicinal and supplementary healthcare
products. The consumption of plant foods has been linked with reduction in
the risk of developing chronic diseases such as cancer, diabetes, obesity, and
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cardiovascular diseases [2]. Regular intake of these plant foods in our daily
life has been reported to have the potential of preventing free radical-medi-
ated degenerative diseases [59]. The capacity of some plant-derived foods to
reduce the risk of chronic diseases has been associated partly to the occurrence
of secondary metabolites (phytochemicals) that have been shown to exert a
wide range of biological activities. Although these metabolites may have low
potency as bioactive compounds when compared with pharmaceutical drugs,
when they are consumed regularly and in significant amounts as part of the
diet, they may have a noticeable long-term physiological effect [24].

The bioactive compounds derived from the plant secondary metabo-
lism have a clear therapeutic potential by contributing toward antioxidant
activities. Generally, antioxidants are an important class of compounds that
when present at low concentrations relative to an oxidizable substrate, sig-
nificantly delay, retard, or inhibit oxidation of that substrate [31]. Pheno-
lic antioxidants in particular are compounds that act as terminators of free
radicals [19]. Free radicals have extremely high chemical reactivity due
to the presence of unpaired electrons, which explains why and how they
inflict damage on cells [48]. Free radicals have been reported to be the
cause of several diseases such as liver cirrhosis, atherosclerosis, cancer, and
diabetes, while bioactive compounds that elicit high free radical scaveng-
ing potential could play a vital role in ameliorating these disease processes
[9, 27,37, 61]. Thus, antioxidants can play an important role to protect the
human body against damage induced by reactive oxygen species (ROS)
and oxidative stress (OS) [65].

ROS, which are the natural byproducts of mitochondrial respiration
and other cellular processes, have high chemical reactivity. Therefore,
when they occur in excess of normal needs in the cell, they may damage
the cell’s structural and functional integrity. They usually do this either
by directly modifying cellular DNA, proteins, and lipids or by initiat-
ing chain reactions that can cause extensive oxidative damage of these
critical molecules [13, 32, 56]. Beneficial effects of ROS in low con-
centration involve defense against microbial pathogens [70]. In healthy
individuals, the generation of ROS is well balanced by the counterbal-
ancing act of antioxidant defenses. However, if there is an imbalance
between the ROS produced and the antioxidant status of an individual,
a process referred to as OS occurs [32, 43]. Plant foods serve as sources
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of a wide variety of dietary antioxidants such as vitamins C and E, carot-
enoids, flavonoids, and other phenolic compounds.

This chapter reviews potential of bioactive compounds in plants and
their antioxidant properties under African conditions.

2.2 REACTIVE OXYGEN SPECIES AND OXIDATIVE STRESS

Free radicals are defined as atoms, molecules, or ions possessing unpaired
electrons, which are very unstable and active toward chemical reactions
with other molecules [31, 41]. Free radicals are derived from three ele-
ments, namely oxygen, nitrogen, and sulfur, thus creating ROS, reactive
nitrogen species (RNS), and reactive sulfur species (RSS).

* ROS include free radicals like the superoxide anion (O,™), hydroper-
oxyl radical (HO,), hydroxyl radical (‘OH), nitric oxide (NO), and
other species like hydrogen peroxide (H,0,), singlet oxygen ('O,),
hypochlorous acid (HOCI), and peroxynitrite (ONOQO-). RNS derive
from NO by reacting with O, and forming ONOO". RSS are easily
formed by the reaction of ROS with thiols [41].

* The ROS represent the most important class of radical species
generated in living systems [4]. ROS are formed continuously as
byproducts of normal metabolic reactions, and their formation can
be accelerated by accidental exposure to occupational chemicals like
pesticides. Figure 2.1 shows some of the causes of generation of free
radicals, their possible cellular targets, and their consequences [26].
When an individual is healthy, the ROS generated is well balanced
by the counterbalancing act of antioxidants. However, when there is
an imbalance between ROS generation and the antioxidant status of
that individual, a condition termed OS occurs [26, 43].

2.3 ANTIOXIDANTS AND REACTIVE OXYGEN SPECIES

According to Cornelli [16], an antioxidant is a product that inhibits oxida-
tion in vitro and reduces OS in vivo. Antioxidant scavenging activity is the
first line of defense against ROS that are generated through physiological
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FIGURE 2.1 Some causes of oxidative stress, possible cellular targets, and conditions
that are associated with oxidative stress.

processes and can also protect against these ROS by their chain-breaking
properties. In this type of protection, antioxidants react with the reactive
species. The rate of the reaction of an antioxidant with the reactive species
determines the effectiveness of that antioxidant [8].

The adverse effects of ROS are represented by OS that can arise due
to a lack of antioxidant defense or by an increase in oxidative processes
in the body. The OS occurs when there is an imbalance between the
generation of ROS and the antioxidant defense systems in the body, so
that the latter become overwhelmed [36]. Many different illnesses (such
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as cardiovascular disease, cancer, and neurological and endocrinologi-
cal disorders) have been related to OS, which can be either a cause or a
consequence of the disease [16]. Fat-containing food materials can also
deteriorate from oxidation, thereby reducing their nutritional quality;
synthetic or natural antioxidants can be used in order to prevent such
deterioration [40]. Many researchers have demonstrated other benefits
of antioxidants, which have been reviewed by Wootton-Beard and Ryan
[71], Yoshihara et al. [73], and Moure et al. [49]. Antioxidants can pre-
vent loss of pigments and improve the stability of pigments from red
beet juice in the food industry, protect and stabilize aroma compounds
in food, and can also be applied in oral pharmaceutical adjuncts to limit
infertility [68] and as cosmetic compositions.

2.4 ANTIOXIDANT DEFENSE SYSTEMS

Production of ROS occurs during normal cell metabolism and after expo-
sure to various physical and chemical agents. These are counteracted by
antioxidant enzyme systems such as [5] glutathione peroxidase (GPX),
glutathione reductase (GR), glutathione transferase (GST), and catalase
(CAT) and by nonenzymatic antioxidant systems in the organism. Under
these circumstances, antioxidant enzymes in cells act as a defense against
ROS by transforming them into inactive and harmless compounds. Another
important antioxidant defense enzyme against OS in cells is superoxide
dismutase (SOD). The superoxide ion can react with nitric oxide (NO) to
produce peroxynitrite, which is an oxidant and more toxic than superox-
ide. The SOD turns superoxide into the less harmful H,0,, and then, CAT
decomposes H,O, [69].

Although the human body is equipped with antioxidant defense
enzyme systems mentioned above, which deactivate highly reactive free
radicals, when these antioxidant defense enzymes are overwhelmed,
antioxidant nutrients (found in plant foods) are needed to combat these
free radicals and turn them into harmless or waste products that can then
be eliminated through the liver. These antioxidant nutrients are therefore
functional components of food, which can offer additional health ben-
efits [52].
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2.5 BIOACTIVE COMPOUNDS FROM PLANTS

Generally, bioactive compounds of plants are defined as second-
ary metabolites that cause pharmacological or toxicological effects
in human and animals; they can be identified and characterized from
extracts of plant roots, stem, bark, leaves, flowers, fruits, and seeds
[10]. The qualitative and quantitative studies of bioactive compounds
from plant materials depend mostly on the selection of proper extrac-
tion methods. These methods are usually affected by common factors
such as: the matrix properties of the botanical source, solvent, tempera-
ture, pressure, and time [33]. Bioactive plant compounds can be classi-
fied according to the type of extraction [11]:

* Hydrophilic or polar compounds (e.g., phenolic acids, flavonoids,
organic acids, sugars); and

 Lipophilic or nonpolar compounds (e.g., carotenoids, alkaloids, ter-
penoids, fatty acids, tocopherols, steroids).

* They can also be classified according to their distribution in nature:

* Narrowly distributed (simple phenols, pyrocatechol, aldehydes);

» Widely distributed (flavonoids, phenolic acids); and

 The least abundant polymers (tannin and lignin).

2.6 PHENOLIC COMPOUNDS

Phenolic compounds are part of the important group of secondary metabo-
lites produced by plants. They are characterized by at least one aromatic
ring (C-6) that bears one or more hydroxyl groups [45]. Biosynthesis of
phenolic compounds in plants through aromatic amino acids commences
via the shikimate pathway. The significance of this pathway is demonstrated
by the fact that, under normal growth conditions, 20% of the carbon fixed
by plants flows through this route. The aromatic amino acids phenylalanine,
tyrosine, and tryptophan are formed via this pathway, which are later uti-
lized for protein synthesis or transformed via phenylpropanoid metabolism
to secondary metabolites such as phenolic compounds [22] (Figure 2.2).
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FIGURE 2.2 Biosynthesis pathways leading to the formation of main groups of phenolic
compounds.

Phenolic compounds are divided into several groups and are based on the
number of constitutive carbon atoms in conjunction with the structure of the
basic phenolic skeleton [45]. Figures 2.3-2.7 show the structures of some of
major groups of phenolic compounds.

Flavonoids are the most common and widely distributed group of plant
phenolic compounds. Their general structure, as phenylpropanoid deriva-
tives, consists of a 15-carbon skeleton with two benzene rings linked via
a heterocyclic pyran ring (Figures 2.3-2.6). They comprise a large class of
plant secondary metabolites with relevant action on the plant defense sys-
tem and are reported as important constituents of the human diet [28]. The
chemical nature of flavonoids depends on their structural class, according
to the degree of methylation, hydrogenation, and hydroxylation and other
substitutions and conjugations. Flavonoids can be divided into a variety of
classes such as flavones, flavanols, flavonols, flavanonols, flavanones, iso-
flavones, or anthocyanins (Figures 2.3-2.6) [38, 60] with different antioxi-
dant, antibacterial, antiviral, and anticancer activities (Figure 2.4) [28, 38].
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When added to food products, flavonoids are responsible for preventing fat
oxidation and protecting vitamins and enzymes, while also contributing to
food color and taste (Figure 2.5).

Phenolic acids have a benzene ring, a carboxylic group, and one or more
hydroxyl and/or methoxyl groups and are usually divided in two groups:
(i) benzoic acids, and (ii) hydroxycinnamic acids. The benzoic acids have
seven carbon atoms (C6-C1), while hydroxycinnamic acids have nine car-
bon atoms (C6-C3), but the most common types found in vegetables have
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FIGURE 2.6 Examples of naturally occurring flavonoids: Flavanones and Anthocyanidins.

seven carbon units [72] (Figure 2.7), where they are rarely found in the
free form (commonly present as esterified compounds). Phenolic acids
may be about one-third of the phenolic compounds in the human diet,
where these substances have a high antioxidant activity [11, 28].
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Tannins are another well-known example of phenolic compounds
with intermediate to high molecular weight. These compounds are usu-
ally classified into two major groups: (i) hydrolysable tannins, and (ii)
nonhydrolyzable tannins or condensed tannins [15]. Hydrolysable tan-
nins have a center of glucose or a polyhydric alcohol partially or com-
pletely esterified with gallic acid or hexahydroxydiphenic acid, forming
gallotannin and ellagitannins [54]. Condensed tannins are polymers of
catechin and/or leucoanthocyanidin that constitute the main phenolic
fraction responsible for the characteristic astringency of vegetables.
These substances are polymeric flavonoids that form the anthocyanidin
pigments [63].
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2.7 MEASUREMENT OF ANTIOXIDANT CAPACITY OF
BIOACTIVE COMPOUNDS

Plants provide a large variety of bioactive compounds with substantial
applications in the area of health and food and are good sources of phe-
nolic compounds with nutritional and therapeutic applications. There is
a strong correlation between antioxidant activity and the total phenolic
content in the plants, which suggests that phenolic compounds could be
the major contributor of their antioxidant capacity. Phenolic compounds
are widely distributed in plants, usually with a higher concentration in
leaves and green stems. These compounds are considered natural defense
substances, and their concentration in each plant may be influenced by
several factors such as physiological variations, environmental conditions,
geographic variation, genetic factors, and evolution [42].

Phenolic compounds form an important class of compounds, which serve
to inhibit the oxidation of material of both commercial and biological impor-
tance [51]. Phenolic compounds do not have intrinsic antioxidant activity
unless substitution at either the ortho- or para-position increases the elec-
tron density at the hydroxyl group and lowers the O—H bond energy. The
antioxidant efficiency of phenolic acids has been related to the number of
hydroxyl groups in the molecule and also to their hydrogen radical donating
abilities [46]. For instance, in the hydroxycinnamic acids group (Figure 2.7),
the presence of electron donating groups on the benzene ring of ferulic acid
(3-methoxy and 4-hydroxyl) contributes to its property of terminating free
radical chain reactions. Plant foods provide a wide variety of dietary antioxi-
dants. Health benefits of phenolic compounds are reported to be delivered by
several mechanisms such as:

* Free radical scavenging;

* Protection and regeneration of other dietary antioxidants (i.e., vita-
min E); and

* Chelating of pro-oxidant metal ions.

The species and levels of phenolic compounds vary dramatically among
the plant materials. Phenolic compounds with different structures or levels
are likely to have different functional properties. Analyzing the antioxidant
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capacity of phenolic compounds in plant materials before their health pro-
moting properties can be adequately studied is therefore necessary. Analysis
of phenolic compounds in plant samples is difficult because of variation in
their structure and lack of appropriate standards [21]. Table 2.1 shows prin-
ciple methods used for measuring antioxidant capacity in vitro and their
respective mechanisms.

2.8 BIOACTIVE COMPOUNDS FROM LEAVES OF VERNONIA
AMYGDALINA L. AND OCIMUM GRATISSIMUM AND THEIR
HEALTH BENEFITS

Vernonia amygdalina (VA) leaves are called African bitter leaf and are
also called as ewuro (Figure 2.8) by the Yoruba speaking tribe of Nige-
ria; these leaves are harvested throughout the year. It is mostly used as a
medicinal plant and possess antimalarial [1, 44, 53], antimicrobial [4, 23],
and anticancer activities [35]. VA is a vegetable plant used throughout
tropical Africa for both food and traditional treatment of diseases such
as infertility, diabetes, gastrointestinal problems, and sexually transmitted
diseases [25]. Nutritional and phytochemical evaluations have revealed
the presence of high levels of antioxidant vitamins (A, C, E, and ribofla-
vin), mineral elements (Fe, Se, Zn, Cu, Cr, and Mn) and phytocompounds
(polyphenols, flavonoids, and tannins) in the leaves of VA [7, 34].

Atangwho et al. [6] studied the antioxidant and antidiabetic properties
of the sequential extracts of V4 based on the chemical composition of
most effective antidiabetic extract. Using DPPH (2,2-diphenyl-1-picryl-
hydrazyl) and ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) radical scavenging as well as FRAP (Ferric ion reducing antioxidant
power) assays, they reported that the extracts showed a consistent dose-
dependent trend of potent antioxidant activity in different solvents (water
extract > methanol extract > chloroform extract > petroleum ether extract).
After a 14-days administration in diabetic rats, the chloroform extract
recorded the highest blood (23.5%) and serum (21.4%) glucose-lowering
effects (P < 0.05). GC-MS analysis of the chloroform extract revealed
high levels of linoleic acid (4.72%), a-linolenic acid (10.8%), and phytols
(12.0%). Their study revealed the beneficial effect of VA in human nutri-
tion and its potential role in the management of diabetes.
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TABLE 2.1

25

Principle Methods for Measuring Antioxidant Activities /n-vitro and Their
Respective Mechanisms

Method Mechanism Reaction Measurement Ref.
Ability Chelation Complexation reaction of Cu?* with Reductionin  [64]
to chelate of Cu** pyrocatechol violet to generate the absor-
transition a colored product. The presence bance at 620
metals of antioxidants decreases the nm
(Cu*) formation of the Cu?*-pyrocatechol
complex, reducing the intensity of
the color.
Ability Chelation Complexation reaction of Fe* with Reductionin  [50]
to chelate of Fe?* ferrozine, generating a colored the absor-
transition product. The presence of antioxi- bance at 562
metals dants decreases the formation if the nm
(Fe*) Fe**-ferrozine complex, reducing
color intensity.
ABTS ABTS (2,2'-azino-bis(3-ethylbenzothiazo- Reductionin  [29]
capture line-6-sulfonic acid)) is stabilized  the absor-
in the presence of hydrogen- bance at 734
donating free radicals, changing nm
the color from dark green to light
green.
DPPH DPPH DPPH radical (2,2-diphenyl-1-pic- Reductionin  [62]
capture ryl-hydrazyl) reacts with hydrogen- the absor-
donating antioxidants, changing the bance at 517
color from violet to yellow. nm
FRAP Iron reduc-  In the presence of electron-donat-  Increase in the [55]
ing power  ing antioxidants, the Fe**-TPTZ absorbance at
[2,4,6-Tripyridyl-S-Triazine] 593 nm
complex is reduced to Fe*-TPTZ,
changing the color from light blue
to dark blue.
ORAC Peroxyl The peroxyl radical, generated Reductionin  [20]
radical from the breakdown of AAPH fluorescence
capture [2,2"-Azobis(2-amidinopropane) (excitation at
dihydrochloride] in the presence 485 nm and
of atmospheric oxygen, reacts with ~emission at
a fluorescent indicator to produce 520 nm)

a non-fluorescent product. In the
presence of antioxidants, the fluo-
rescence is maintained.
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TABLE 2.1  (Continued)

Method Mechanism Reaction Measurement Ref.
TBARS  Quantifica- Reaction of thiobarbituric acid Increase in the [58]
tion of lipid ~ with hydroperoxide decomposition absorbance at
peroxida- products. Malonaldehyde is the 532 nm
tion prod- main compound quantified. Absor-
ucts bance and antioxidant activity are

inversely proportional.

FIGURE 2.8 Vernonia amygdalina (African bitter leaf) plant.

Erasto et al. [23] studied the bioactive sesquiterpene lactones from the
leaves of VA. Phytochemical analysis of the leaves of VA yielded two
known sesquiterpene lactones (vernolide and vernodalol). These two
compounds exhibited significant bactericidal activity against five gram-
positive bacteria while lacking efficacy against gram-negative strains. In
the antifungal test, vernolides exhibited high activity with LC, values of
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0.1, 0.2, 0.3, and 0.4 mg/mL against Penicillium notatum, Aspergillus fla-
vus, Aspergillus niger, and Mucor hiemalis, respectively, and vernodalol
showed moderate inhibition against A. flavus, P. notatum, and A. niger
with LC, values of 0.3, 0.4, and 0.5 mg/mL, respectively. Both com-
pounds were ineffective against Fusarium oxysporum, a microbe known to
be highly resistant to chemical agents. However, the antimicrobial results
of their study correspond positively with the claimed ethno-medical uses
of the leaves of VA in the treatment/management of various infectious
diseases.

Ocimum gratissimum L. (Og) is a medicinal plant and is called efinrin
(Figure 2.9) by Nigerian people, and it is popularly known as African basil.
This plant has a strong-smelling aromatic flavor. For medicinal properties,
in southwestern Nigeria, Og is mainly known for its antimicrobial activi-
ties against bacteria causing diarrhea [3]. It is a traditional herb with a wide
array of phytochemical constituents and has been reported for its diverse
physiological properties. Its medicinal uses include vasorelaxation and
anti-inflammatory, antimycotoxicogenic, and antioxidant activities [17,
18, 39, 57]. Og contains phytochemicals such as flavonoids, polyphenols,
and volatile compounds like eugenol, thymol, and geraniol [67]. Identi-
fication of xanthomicrol, cirsimaritin, vicenin-2, luteolin 7-O-glucoside,
quercetin 3-O-glucoside, quercetin 3-O-rutinoside, and kaempferol-3-O-
rutinoside as principal flavonoids in Og has been reported [30].

Venuprasad et al. [66] studied the phytochemical components of Og
by LC-ESI-MS/MS and its antioxidant and anxiolytic effects. Their work
revealed the presence of various bioactive compounds such as polyphe-
nols, flavonoids, and fatty acids. The antioxidant activity of Og was veri-
fied by an array of in vitro antioxidant assays, which exhibited a strong
free radical scavenging activity. A 70% ethanolic fraction of Og leaf
showed protective effects against H,O,/AAPH-induced damage to macro-
molecules such as DNA, proteins, and lipids.

Identification of chicoric acid as a hypoglycemic agent from Og leaf
extract in a biomonitoring in vivo study was reported by Casanova et
al. [12]. Four phenolic substances were identified: L-caftaric acid [1],
L-chicoric acid [2], eugenyl-B-D-glucopyranoside [3], and vicenin-2
[4]. Their results were the first to describe the hypoglycemic activity of
chicoric acid in an animal model of diabetes mellitus. In their study, a
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FIGURE 2.9 Ocimum gratissimum (African basil) plant.

correlation was established between the hypoglycemic activity of Og and
its chemical composition by means of a biomonitored fractionation. Chic-
oric acid, the active substance identified, was described as not likely to be
the only compound responsible for the hypoglycemic activity. However,
their results suggested a possible interaction between chicoric acid and a
substance present in the precipitate from the aqueous fraction, probably
tartaric acid. The antioxidant and cytoprotective activity of Og extracts
against H,O -induced toxicity in human HepG2 cells was also reported
by Chiu et al. [14]. Their findings indicated that aqueous Og extracts
exert antioxidant and protective activities against OS induced by H,O,
on human HepG2 cells; secondary metabolites pharmacological or toxi-
cological effects phenolic compounds reactive free radicals antioxidant
nutrients
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2.9 SUMMARY

Bioactive compounds in plants are secondary metabolites that cause phar-
macological or toxicological effects in human and animals. Plants provide
a large variety of bioactive compounds and are good sources of pheno-
lic compounds that possess antioxidant capacity. The human body has
antioxidant enzyme defense systems that deactivate highly reactive free
radicals, but when these antioxidant defense enzymes are overwhelmed,
antioxidant nutrients (found in plant foods) are needed to combat these
free radicals, turning them harmless or waste products that can then be
easily eliminated through the liver. Regular intake of plant foods has the
potential of preventing free radical-mediated degenerative diseases. Phe-
nolic compounds are widely distributed in plants, usually with a higher
concentration in leaves and green stems. The leaves of two traditional
medicinal plants (Vernonia amygdalina and Ocimum gratissimum) have
the potential to ameliorate various degenerative diseases due to the pres-
ence of inherent bioactive compounds.
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3.1 INTRODUCTION

Plants have been used as therapeutic agents since the start of civilization.
In many developing countries, herbal medicinal systems remain important
in the treatment of many ailments. Ayuvedic medicine is still commonly
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practiced within India with an estimated 85% of Indians still using crude
plant preparations for the treatment of wide variety of diseases and ail-
ments [79]. Traditional Chinese medicine (TCM) and African medicinal
systems also account for major portion of healthcare in their populations.
Even in countries where allopathic/Western medicine is dominant, medici-
nal plants still make significant contributions. Furthermore, many people
are returning to herbal medicine systems due to the perception that natural
medicines are often a safer alternative than allopathic drugs. Individuals
are also seeking treatments for diseases, which have not yet been remedied
by modern medicine.

Many of the prescription drugs currently marketed for a wide variety
of ailments were originally isolated from plants and/or are semi-synthetic
analogues of phytochemicals. It has been estimated that approximately
25% of all prescription drugs currently in use are of plant origin [122,
194]. Furthermore, 75% of new anticancer drugs marketed between 1981
and 2006 were derived from plant compounds [122]. Traditional plant-
based medicines are generally used as crude formulations (e.g., infusions,
tinctures and extracts, essential oils, powders, poultices, and other herbal
preparations). Modern natural product drug discovery generally focuses
on isolating and characterizing the individual phytochemical compo-
nents with the aim of producing an analogue with increased bioactivity/
bioavailability. Such studies have given rise to many useful drugs such
as quinine (from Cinchona spp.), digoxin (from Digitalis spp.) as well
as the anticancer drug paclitaxel (from Taxus brevifolia Nutt.) and vin-
cristine and vinblastine (from Vinca rosea). However, the bioactivities
observed for crude extracts are often much enhanced or even entirely dif-
ferent to those seen for the individual components [32, 81]. Crude plant
extracts may contain hundreds, or even thousands, of different chemical
constituents that interact in complex ways. Often it is not known how an
extract works, even when its therapeutic benefit is well established. Thus,
phytochemical and mechanistic studies of traditional medicines may be
complex, and it is often difficult to assign single compound/bioactivity
relationship.

The genus Syzygium (Family Myrtaceae) is the largest genus of flow-
ering plants globally, comprising approximately 1200-1800 species
[174]. The genus has a wide range, occurring naturally in subtropical and
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tropical regions of Africa and Madagascar, Asia, and throughout Ocea-
nia and the Pacific region. The greatest diversity occurs in Australia and
Southeast Asia. It is believed that many species in this region have not
yet been correctly categorized taxonomically, and it is likely that new
species will be categorized in the future [174]. Most Syzygium species
range from medium to large evergreen trees and shrubs, many of which
have a history of usage in traditional medicinal systems. Some species
have culinary uses and are commercially produced for their edible fruits
(e.g., Syzygium jambos, commonly known as rose apple). These are eaten
fresh or used to produce jams and preserves. Other species are used as
spices and flavoring agents. For the economically most important spe-
cies Syzygium aromaticum (clove), the unopened flower bud is used as a
spice. This plant has also been used as traditional medicine because of its
antimicrobial and anesthetic properties [25]. The antimicrobial activity of
S. aromaticum is well known, and numerous studies have reported on the
antibacterial [8] and antifungal [126] activities of oils and extracts from
clove. Other Syzygium species from Southeast Asia (S. jambos) [113]
and India (Syzygium lineare and Syzygium cumini) [50] have also been
shown to have antimicrobial activity. Most information available on anti-
microbial activities of Australian Syzygium species has been anecdotal,
although Australian Aborigines are known to have used them as medici-
nal agents [36].

This chapter summarizes recent research on the medicinal properties,
phytochemistry, and therapeutic mechanisms of Syzygium species and also
highlights future areas of research on the medicinal activities of Syzygium
species.

3.2 ETHNOPHARMACOLOGY

Members of genus Syzygium have been used for a broad range of medici-
nal purposes by traditional healers from a wide variety of ethnic and cul-
tural groups (Table 3.1). The best documented of these are the species
used in traditional Indian medicinal systems, particularly the Ayurveda.
Ayurvedic practitioners employ various species of Syzygium for a wide
variety of medicinal purposes including coughs and colds, diarrhea and
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dysentery, fever, toothache, pain, inflammation, pneumonia, sexually
transmitted diseases, wounds, hemorrhages, ulcers, and as a general tonic.
of the Ayurvedic Syzygium species, S. aromaticum and S. cumini are argu-
ably most useful, being a component of multiple traditional therapies for
the treatment of many ailments (Table 3.1). These will be discussed sepa-
rately for each medicinal bioactivity.

Similarly, African medicinal systems made use of native Syzygium
species in the treatment of multiple different disorders. Different species
occur in different parts of the continent, and their usage, whilst often wide-
spread, is also often associated with specific cultural/ethnic groups. Thus,
a species used by one cultural group for a specific property may have had
different therapeutic uses (or no uses) by other groups in different regions
of the continent. Perhaps the best known and most useful of the African
species is Syzygium cordatum. This species is native to southern Africa,
extending up to central Africa. The therapeutic properties of S. cordatum
are widely known, and it is a part of the pharmacopeia for all ethnic groups
in the areas in which it grows, including Zulu, Xhosa, Sotho, and Afri-
kaaner people. Multiple parts of the plant are used for a variety of pur-
poses, with bark and leaves being the most commonly used, although roots
are also used to treat some conditions. Decoctions of the leaves, bark, and
roots are used in the treatment of respiratory ailments as well as stomach
complaints and diarrhea and as an emetic [188]. Many of these conditions
are caused by microbial pathogens, and extracts produced from this spe-
cies have antimicrobial activity [38—40]. It has also been reported that leaf
extracts are useful in the treatment of diabetes by reducing blood glucose
levels and stimulating hepatic glycogen storage [118].

Despite having the greatest taxonomic biodiversity, less information is
available about the ethnobotanical usage of Australian Syzygium species.
Traditional/indigenous Australian knowledge of plant-based therapeutics
was generally passed on orally, with little written ethnopharmacological
record. Thus, as Australian Aboriginal culture merged into mainstream
society with a corresponding increased reliance on Western medicine,
much of this knowledge has been lost. However, several species including
Syzygium anisatum, Syzygium australe, Syzygium leuhmannii, and Syzy-
gium paniculatum are known to have been used as both food and medici-
nal plants. Multiple species have been reported to be used to treat coughs
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and colds, stomach disorders, and diarrhea, although the species and how
it was used varies widely between regions and different tribal groups [36,
95]. Many of these conditions are caused by pathogenic infections, and
several Australian Syzygium species have been reported to have good
antimicrobial activity [26, 34, 75, 152, 201]. Ethnobotanical reports also
indicate that some species were used for oral care in the treatment of tooth-
ache in a similar manner to the use of S. aromaticum in traditional Asian
therapeutic systems [95]. Whether this is due to the presence of eugenol
(as it has been postulated for S. aromaticum) [78] is yet to be determined.

3.3 PHYTOCHEMISTRY AND ANTIOXIDANT PROPERTIES

The consumption of foods rich in antioxidants is associated with the
decreased incidence of chronic diseases [134]. High antioxidant levels
are preventive against the development of degenerative diseases such as
cancer [69], cardiovascular diseases [191], neural degeneration [203], and
diabetes and obesity [186]. Phenolic compounds are generally strong anti-
oxidants [144]. Their primary action involves the protection of cell con-
stituents against oxidative damage through the scavenging of free radicals,
thereby averting their deleterious effects on nucleic acids, proteins, and
lipids in cells [144]. Phenolics interact directly with receptors or enzymes
involved in signal transduction [116], clearly indicating that they play a
specific role in human physiology. Common plant phenolic compounds
include flavonoids, tannins, anthocyanins, and gallic acid, all of which are
common phytochemical constituents of Syzygium species.

Recent research studies have documented the exceptionally high anti-
oxidant content of the Australian species S. australe and S. leuhmannii
[88, 121]. These studies have reported that the fruit of these species have
extremely high ascorbic acid levels (0.72 and 1.77 pmol/g S. australe and S.
leuhmannii fruit, respectively). This is approximately 10-25 times higher
(g/g) than the ascorbic acid content in blueberries (which were used as a
standard). Because of the high ascorbic acid level, much of the interest has
been geared toward S. australe and S. leuhmannii. However, S. australe
and S. leuhmannii fruits also contain many other compounds, which have
also contributed to their high antioxidant activities [88, 121]. Whilst many
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of these compounds are yet to be identified, S. australe and S. leuhmannii
fruit have been shown to contain benzoic acids, flavanols, or flavanones
[88]. S. australe and S. leuhmannii fruit are good sources of gallic acid,
malic acid, and oxalic acid [88]. These fruits are also very rich in delphini-
din 3,5-diglucoside, peonidin 3,5-diglucoside, petunidin 3,5-diglucoside,
malvidin 3,5-diglucoside, cyanidin 3,5-diglucoside, cyanidin 3 glucoside,
rutin, quercetin hexoside, quercetin rhamnoside, and kaempferol.

High antioxidant contents have also been reported for several Asian
Syzygium species. S. aromaticum essential oil has antioxidant activity
similar to that of a-tocopherol [97]. The authors attributed the high anti-
oxidant activity to high levels of eugenol and eugenyl acetate. Similarly,
S. cumini fruit infusions [17] and ethanolic extracts [55] also have high
antioxidant activity as determined by ABTS, DPPH, TEAC, superoxide,
hydroxyl, and peroxyl (ORAC) radical scavenging assays. Aqueous and
ethanolic S. cumini seed extracts have significant protective effects against
hydroxyl radical-induced strand breaks in pBR322 DNA [9]. Furthermore,
the authors reported significant inhibition of hepatic lipid peroxidation and
increases in GSH levels and GST, SOD, and CAT activity, which are likely
to contribute to these protective effects.

3.4 ANTIMICROBIAL ACTIVITY
3.4.1 INHIBITION OF BACTERIAL GROWTH

Many Syzygium species have a history of usage to treat medical conditions
related to microbial infections, and numerous recent investigations have
focused on their antibacterial properties. The antimicrobial properties of
the South Asian species used in traditional Indian medicine systems have
been the most extensively reported. The growth inhibition properties of
S. aromaticum have been reported to have antibacterial activity against a
wide panel of microbes [5, 136, 137, 147], partially justifying its use in
the treatment of a wide range of diseases and medical disorders [47, 97,
130]. S. aromaticum is used in several traditional healing systems for the
treatment of oral disease and to alleviate toothache pain. The antibacte-
rial activity of this species against oral caries-causing pathogens has been
particularly well studied. Essential oils produced from S. aromaticum buds
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(cloves) have been reported to be good inhibitors of Streptococcus mutans,
Staphylococcus aureus, and Lactobacillus acidophilus when screened in
a disc diffusion assay [5]. Indeed, zones of inhibition as large as 35 mm
were recorded when the oils were used at dilutions consistent with their
traditional use. The same study also determined the minimum inhibitory
concentration (MIC) for the crude oils and solvent fractions. MIC val-
ues indicative of moderate antibacterial activity (approximately 3 mg/mL
against S. mutans) were determined for the crude clove oil by using an agar
diffusion assay. As lower polarity compounds (as would be present in the
S. aromaticum essential oil) are insoluble in aqueous solutions, they may
not diffuse well through agar gels and thus often produce falsely low anti-
bacterial results. Therefore, the use of the liquid dilution assay may have
indicated more potent activity. Interestingly, the solvent fractionations of
the oil were substantially less potent as bacterial growth inhibitors than the
unfractionated oil, with MIC values approximately of higher magnitude.
Many traditional medicines require the synergistic interaction of various
phytochemical components to potentiate activity. The lower potency of
the essential oil fractions may indicate that some essential oil components
are required to enhance the activity of other components.

Another study also examined the growth inhibitory properties of S.
aromaticum essential oil against gram-negative anaerobic periodontal oral
pathogens including Porphyromonas gingivalis, Prevotella intermedia,
Streptococcus mutans, and Actinomyces viscosus [25]. Whilst the MIC’s
determined for an S. aromaticum methanol fraction (>2500 pg/mL) were
similar to those reported by Aneja and Joshi [5], the MIC values against
P, gingivalis and P. intermedia indicate substantially more potent growth
inhibition (625 and 156 pg/mL, respectively). Furthermore, Cai and Wu
[25] also identified a number of compounds in the methanolic fraction and
screened them for antibacterial activity. Kaempferol and myricetin were
particularly potent inhibitors of P. gingivalis and P. intermedia growth,
each with MIC values of 20 pg/mL. Gallic acid, 5,7-dihydroxy-2-meth-
ylchromone 8-C-B-glucopyranoside, biflorin, rhamnocitrin, and oleanolic
acid were also potent inhibitors of P. gingivalis and P. intermedia growth,
with MIC values generally in the range 150—1000 pg/mL.

Several other studies have also reported antibacterial activity for
crude S. aromaticum extracts-against multiple gram-negative bacteria
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including Camphylobacter jejuni, Eneterococcus faecalis, Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus vulgaris,
and Salmonella enteritidis, as well as the gram-positive bacteria Bacillus
subtilis, S. aureus, and Staphylococcus epidermidis [24, 51, 57, 60, 84,
94, 104]. Notably, another study reported that S. aromaticum oil inhibited
the growth of methicillin-resistant strains of S. aureus and Streptococcus
spp. [195]. A different study reported growth inhibitory activity against
multiple strains of S. epidermidis and attributed the activity to eugenol
[78]. Diluted (1-2%) S. aromaticum essential oil significantly inhibited
the growth rate of Listeria monocytogenes [119]. S. aromaticum essential
oil components also potentiate the effects of conventional antibiotics [68,
109, 115]. The synergistic interactions between eugenol and ampicillin/
gentamycin are particularly noteworthy. The same studies also reported
moderate additive combinational effects for eugenol in combination with
vancomycin and -lactam antibiotics.

S. cumini extracts and essential oils have also been reported to have
broad-spectrum antibacterial activity. A recent study used agar diffusion
assays to screen aqueous and ethanolic S. cumini extracts against a broad
panel of bacteria, including several medically important human patho-
gens [135]. That study tested the ability of S. cumini extracts to inhibit the
growth of Bacillus cereus, Bacillus megaterium, Bacillus pumilus, Bacil-
lus subtilis, Clostridium acetobutylicum, Citrobacter freundii, Enterobac-
ter aerogenes, Enterococcus faecium, E. coli, K. pneumoniae, P. mirabilis,
Salmonella typhi, Salmonella paratyphi, S. aureus, S. epidermidis, Strep-
tococcus faecalis, Streptococcus lactis, Streptococcus pyogenes and Vibrio
cholerae. The ethanolic extract had particularly broad-spectrum antibacte-
rial activity, inhibiting the growth of 14 of the 19 bacterial species tested.
Furthermore, large zones of inhibition were reported, indicating potent
antibacterial activity. However, only relatively high extract concentra-
tions were tested in that study (10-50 mg/disc). Furthermore, MIC values
were not determined, making it impossible to compare the efficacy with
other studies. Similar results were also reported in another study, which
screened S. cumini essential oil [155]. In a previous study [135], MIC val-
ues were not determined. However, this study did determine some of the
essential oil components and postulated that the antibacterial activity may
be due to the terpenoid components. In particular, relatively high levels of
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pinocarveol, a-terpineol, myrtenol, eucarvone, muurolol, geranylacetone,
a-cadinol, and pinocarvone were reported. A recent study reported anti-
bacterial activity for a S. cumini essential oil against E. coli, P. aeruginosa,
Neisseria gonorrhoeae, B. subtilis, S. aureus, and E. faecalis [112]. Whilst
that study also did not quantify the potency by determining MIC values, it
also highlighted terpenoids as a likely contributor to antibacterial activity.
In addition to identifying several of the same compounds as in the study
by Shafi et al. [155], this study also identified a-pinene, B-pinene, trans-
caryophyllene, 1,3,6-octatriene, 5-3-carene, humulene, and o-limonene as
the major constituents.

The antibacterial activity of other Asian Syzygium species has also been
reported. S. jambos leaf extracts have been shown to inhibit the growth
of Aeromonas hydrophilia, Alcaligenes faecalis, B, cereus, C. freundii, E.
coli, K. pneumoniae, P. mirabilis. Pseudomonas fluorescens, Salmonella
newport, Serratia marcescens, Shigella sonnei, S. aureus, S. epidermidis,
and S. pyogenes [10]. The study used disc diffusion susceptibility screen-
ing and MIC assays and reported potent inhibition against several bacteria
species. Indeed, MIC values between 180 and 800 pg/mL were reported
for A. faecalis, A. hydrophilia, S. aureus and B. cereus. Another study
screened S. jambos bark extracts against an extended bacterial panel and
also reported potent bacterial growth inhibition [48]. That study reported
MIC values as low as 0.25 pg/mL against several medically important
bacterial pathogens such as: Enterococcus gallinarum, S. aureus, Staphy-
lococcus cohnii, Staphylococcus hominis, Staphylococcus warneri, and
Yersinia enterocolitica. The authors attributed the potent antibacterial
activity to high tannin content of bark extracts, but did not identify the
individual components. Similarly, Syzygium jambolanum seed extracts are
potent inhibitors of B. subtilis, E. coli, K. pneumoniae, P. aeruginosa, S.
aureus, and Salmonella typhimurium growth, with MIC values of 62-250
pug/mL [30]. Syzygium alternifolium and Syzygium samarangense fruit
extracts are potent inhibitors of B. cereus, E. coli, K. pneumoniae, P. aeru-
ginosa, and S. aureus [141].

Several African Syzygium species also have potent antibacterial activ-
ity. Perhaps the best studied of these species is the Southern African species
S. cordatum. Several studies have reported the growth inhibitory proper-
ties of S. cordatum extracts against diarrhea-causing bacteria [108, 165].
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Potent growth inhibitory activity was reported for S. cordatum stem bark
extracts against S. aureus, Shigella boydii, Shigella dysentery, Shigella
flexneri, and V. cholerae, with MIC values of 150—625 pg/mL [108]. Inter-
estingly, the bark extract tested in that study did not affect £. coli growth.
In contrast, a different study also screened S. cordatum bark extract against
E. coli and reported moderate (1.44 mg/mL) growth inhibitory activity
[165]. Another study examined the antibacterial activity of S. cordatum
bark and leaf extracts against bacteria associated with food poisoning and
food spoilage [38]. Broad-spectrum antibacterial activity was reported for
both extracts, with similar potency against most bacterial species (gener-
ally 150-750 pg/mL). Recent studies have highlighted the potential of S.
cordatum as growth inhibitors of the bacterial triggers of some autoim-
mune inflammatory diseases [44] and thus of the initial events of several
autoimmune diseases. S. cordatum leaf extracts are potent inhibitors of P,
mirabilis [40] and K. pneumoniae growth [39] and thus have potential in
the prevention and treatment of rheumatoid arthritis and ankylosing spon-
dylitis, respectively.

Another study used disc diffusion assays to examine the antibacterial
activity of Syzygium guineense extracts and isolated compounds against
B. cereus, E. coli, and S. sonnei [49]. That study only determined growth
inhibition using discs with standard amounts of compound infused and
unfortunately did not determine the MIC values (despite referring to these
standard discs as MICs); thus, it is difficult to make a comparison with
other studies. However, that study is of particular interest as it used a
bioactivity driven separation approach to isolate, screen, and identify the
inhibitory components. Ten triterpenoids were isolated, and two of these
were determined to have significant antibacterial activity. These were
identified as arjunolic acid and asiatic acid [49].

Despite having greatest diversity among species, the Australia
Syzygium species have received less attention, possibly due to the
paucity of ethnobotanical records. However, recent studies [75, 88]
have reported bacterial growth inhibitory activity for some Australian
Syzygium species the growth inhibitory properties of S. australe and S.
leuhmannii perhaps have been the most extensively studied. Much of
the interest in these species is derived from the very high antioxidant
capacity of fruits, Arecent study screened S. australe and S. leuhmannii
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fruit extracts against A. hydrophilia, A. faecalis, B. cereus, B. subti-
lis, C. freundii, E. aerogenes, E. coli, K. pneumoniae, P. aeroginosa,
P fluorescens, Salmonella salford, S. marcescens, S. aureus, and Y.
enterocolitica [152]. That study reported broad-spectrum antibacterial
activity for extracts of both species. Indeed, the methanolic extracts
inhibited the growth of approximately 90% of the bacterial species
screened. Another study reported that S. australe and S. leuhmannii
leaf and fruit extracts inhibited the growth of Bacillus anthracis [201].
This is a significant finding as this is a spore-forming bacterium and
is considered particularly difficult to destroy. Similarly, leaf extracts
from both these Syzygium species also have potent antibacterial activ-
ity against a panel of bacteria [34, 37]. A recent study also examined
the antibacterial properties of several other Australian Syzygium spp.
including Syzygium forte, Syzygium francissi, Syzygium moorei, Syzy-
gium puberulum and Syzygium wilsonii [26]. All species demonstrated
significant antibacterial activity, although they were generally substan-
tially less potent inhibitors of bacterial growth than was reported for
the S. australe and S. leuhmannii leaf and fruit [34, 37, 152].

3.4.2 INHIBITION OF FUNGAL GROWTH

Antifungal activity has been reported for several Syzygium species,
although less quantitative data are available for the antifungal activity
of Syzygium extracts compared to antibacterial activity. The antifungal
properties S. aromaticum have generally been more extensively studied
than for the other species. One study reported antifungal activity for S.
aromaticum essential oil against multiple strains of five Candida spp.,
including the medically important species C. albicans (candidiasis) and C.
tropicalis (involved in the onset of Crohn’s disease) [27, 130]. The oil also
inhibited the growth of C. glabrata, C. krusei, and C. parapsilosis, which
although not generally pathogenic in most people, may cause nosocomial
infections in immunocompromised individuals [59, 131, 184]. The study
reported similarly potent antifungal activity for the crude essential oil
and for the major component eugenol against Candida spp. (300—650 pg/
mL). The same study also tested the essential oil and pure eugenol against
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Aspergillus flavus, Aspergillus fumigatus, and Aspergillus Niger and
reported similarly potent antifungal activity for both. Furthermore, both
the essential oils and pure eugenol were potent inhibitors of the filamen-
tous fungal pathogens Epidermophyton floccosum (tinea), Trichophyton
mentagrophytes, and Trichophyton rubrum (athlete’s foot, jock itch, ring-
worm) as well as Microsporum canis and Microsporum gypseum (tinea).
The potency of the essential oil and eugenol against this fungal panel was
particularly noteworthy as the majority of the fungi screened were flu-
conazole-resistant strains, further highlighting their therapeutic potential.
That study determined that the S. aromaticum essential oil and pure euge-
nol killed fungal cells by two mechanisms, which include direct induction
of lesions in the fungal cell membrane and the induction of a substantial
reduction in the production of the fungal membrane component ergos-
terol [184]. Further studies have also reported antifungal activity against
onychomycosis-causing fungi [61] and Saccharomyces cerevisiae [28].

Several other Asian Syzygium species also have antifungal activity. One
study reported antifungal activity of S. jambolanum seed extracts against
C. albicans, Cryptococcus neoformans, Microsporum gypseum, Rhizopus
spp. and several Aspergillus and Trichophyton species [30]. The S. jam-
bolanum seed extracts were particularly potent inhibitors of C. albicans
and all Aspergillus spp., with MIC values approximately 30-60 pg/mL.
Similarly, Syzygium lineare leaf extracts are good inhibitors of 7. rubrum
growth [51]. In contrast, the same study reported that the S. lineare leaf
extracts were inactive or had only low activity against Trichophyton men-
tagrophytes, Trichophyton simii, Epidermophyton floccosum, Scopulari-
opsis spp., A. niger, Botyritis cinereae, Curvularia lunata, and C. albicans.
A separate study examined the antifungal activity of S. alternifolium and
S. samarangense fruit extracts [141]. The S. alternifolium petroleum ether
extract and the methanolic and petroleum ether S. samarangense extracts
were potent inhibitors of C. albicans growth, with MIC values of gener-
ally <500 ug/mL.

Some African Syzygium species have also antifungal activity. In a study
screening South African plants traditionally used by the Venda people for
antifungal activity, S. cordatum bark extracts were highlighted as amongst
the most potent of the traditional medicines tested against C. albicans
[173]. A further study examined S. cordatum leaf extracts against a panel
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of five Fusarium fungal plant pathogens [149]. That study reported that
the growth of all fungal species was inhibited by the extract. MIC val-
ues of > 7.5 mg/mL indicated only low potency. However, there is some
doubt about the validity of the reported results as very high MIC values of
approximately 20 mg/mL were reported for the positive control (nystatin),
indicating that the assay may have been faulty. Furthermore, that study
also reported minimal fungicidal concentrations (MFC) that were substan-
tially lower than the MIC values for the same extracts (MFC = 3.75 mg/
mL compared to MIC = 7.5 mg/mL). Thus, it is likely that these results
are erroneous. Limited reports are available on the antifungal activity of
Syzygium spp. from other regions of the world, although leaf extracts of
the Australian species S. australe have been reported to have low potency
for A. niger growth inhibitory activity [34]. These extracts were unable to
inhibit C. albicans growth. The same study also screened S. leuhmannii
leaf extracts and found them to be completely devoid of antifungal activity
for all fungi tested.

3.4.3 INHIBITION OF PROTOZOAL GROWTH

S. aromaticum also has therapeutic potential for the treatment of protozoal
diseases. A recent study reported that S. aromaticum essential oil and its
major constituent (eugenol) inhibit the growth of Giardia lamblia [102].
Both the essential oil and pure eugenol displayed similarly potent anti-
giardial activity (130 and 100 pg/mL, respectively). Furthermore, both the
essential oil and eugenol induced significant morphological changes in
the Giardia trophozoites, including shape changes, presence of cytoplas-
mic precipitates and autophagic vesicles, internalization of the flagella and
ventral disc, membrane blebs, as well as intracellular and nuclear clearing
[102]. These morphological changes were accompanied by decreased abil-
ity of the trophozoites to adhere to surfaces and cell lysis. These events
occurred rapidly, with the decreased adherence apparent within one hour
and lysis of 50% of the trophozoites following five hours exposure to S.
aromaticum essential oil [102].

S. aromaticum essential oil also has profound effects on the growth of
the epimastigote and bloodstream trypomastigote forms of the protozoal
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parasite 7. cruzi [151]. As T cruzi is the cause of Chagas disease, S. aro-
maticum may potentially treat the disease. The essential oil was a potent
growth inhibitor, with IC, values of 99.5 and 57.5 ug/mL against epi-
mastigotes and trypomastigotes, respectively [151]. The same study also
reported substantial morphological changes including rounding of the cell
body and alteration of the nucleus, although no changes to the plasma
membrane were noted.

Anti-protozoal activity has also been reported for S. cumini [45, 145].
A recent study reported significant inhibitory activity of S. cumini essen-
tial oil against Leishmania amazonensis, with an IC,, of 60 pg/mL [45].
Interestingly, this oil also had significant molluscicidal activity against
Biomphalaria glabrata (an intermediate host in Leishmania spp. life-
cycle), with an LC_, of 90 pug/mL. Thus, S. cumini essential oil may be
valuable in combating the neglected tropical diseases leishmaniasis and
schistosomiasis via multiple mechanisms. The same study used GC-MS
analysis to determine the major components of the oil to be a-pinene,
(Z)-B-ocimene, and (E)- B-ocimene. However, an LC, of 175 pg/mL was
determined in toxicity tests against Artemia nauplii. As an LC, <1000 ng/
mL has been defined as toxic in this assay [145], this may affect the useful-
ness of S. cumini essential oil for this purpose. A follow-up study from the
same group evaluated the effects of the crude essential oil and the major
component (a-pinene) on the promastigote and anexic amastigote forms
of the protozoa and reported that both the essential oil and a-pinene were
potent inhibitors of L. amazonensis proliferation [45]. The anti-Leishma-
nia effects were determined to be mediated by immunomodulatory activ-
ity. Both the essential oil and a-pinene induced increase in phagocytic and
lysosomal activity and mediated increase in NO levels [45].

Methanolic stem bark extracts of the African species S. giuneense have
been reported to have antimalarial activity in a murine model [62]. Sig-
nificant suppression of Plasmodium berghei ANKA strain was observed
in early stage assays. Indeed, a 400 mg/kg body weight dose suppressed
nearly 50% of the parasites growth. Similar results were determined in
curative and parasite suppression tests. While there are few reports of
direct antiplasmoidal activity for other Syzygium spp., S. aromaticum has
mosquito repellent [168] and larvicidal properties [168] and thus may be
useful in controlling other phases of Plasmodium spp. lifecycle.
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3.4.4 ANTIVIRAL ACTIVITY

The antiviral activity of Syzygium species has been less extensively stud-
ied. S. aromaticum fruit extract has been reported to have potent antiviral
activity against hepatitis C virus (HCV), with greater than 90% inhibi-
tion of HCV protease activity at 100 pg/mL [72]. Similarly, an aqueous
extract of S. aromaticum was reported to be a potent inhibitor of murine
and human cytomegaloviruses (CMV) in vivo, with an IC, value of 7.6
pg/mL determined using a plaque reduction assay [204]. A different study
also reported antiviral activity for an S. aromaticum extract against herpes
virus and identified the antiviral compound as eugenin [175]. Furthermore,
isolated compounds present in S. aromaticum oils inhibit viral replication.
In particular, eugenol is effective against herpes simplex-1 (HSV-1) and
HSV-2 viruses [19].

3.5 ANTICANCER ACTIVITY

The anticancer properties of the Asian species S. aromaticum and S. cum-
ini have been most extensively studied. Numerous studies have reported
cytotoxic properties of these species against a broad panel of carcinoma
cell lines of various anatomical origins. One study examined antiprolifera-
tive activity of S. aromaticum essential oil extracts against HeLa (cervi-
cal cancer), MCF-7 and MDA-MB-231 (breast cancer), DU-145 (prostate
cancer), and Te-13 (esophageal cancer) cell lines and reported that with
the exception of DU-145 cells, the proliferation of all cell lines was sig-
nificantly inhibited [52]. The same study also determined that the antipro-
liferative activity was generally due to apoptosis, with maximal cell death
occurring within 24 hours at 300 puL extract /mL of cells. Furthermore, that
study also examined the phytochemistry of the active extracts and reported
that eugenol and B-caryophyllene were the major constituents, accounting
for 79% and 13% of the crude S. aromaticum essential oil, respectively.
Notably, the crude essential oil and the extracts were not significantly
toxic for normal human peripheral blood lymphocytes.

Further studies have reported potent cytotoxicity for S. aromaticum
leaf, bark, and stem extracts against MCF-7 human estrogen-dependent
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breast cancer and MDA-MB-231 estrogen independent breast cancer cell
lines, with IC, values as low as 30 ug/mL [3]. Furthermore, the authors
reported that the cytotoxicity was due to the induction of apoptosis. The
extracts contained high levels of betulinic acid, although the authors pos-
tulated that other components were responsible for the cytotoxic activity.
S. aromaticum flower-bud (clove) extracts also prevented the induction
of lung cancer by benzo(a)pyrene in vivo in a murine model [16]. Treat-
ment of mice with a clove infusion significantly reduced the number of
proliferating cells and increased the number of apoptotic cells. Mecha-
nistic studies also revealed an upregulation of the expression of the pro-
apoptotic proteins pS3 and Bax concurrent with a downregulation of the
antiapoptotic protein Bel-2. The extract also downregulated the expression
of COX-2, cMyc, Hras. and several growth-promoting proteins. Further-
more, the expression and activation of caspase 3 was apparent at very
early stage of carcinogenesis. A different study assessed the ability of S.
aromaticum fruit extracts and flavonoids isolated from these extracts for
protective activity against gastric cancer formation [ 14]. The study showed
that the S. aromaticum flavonoids kaempferol-3-O-f-D-glucopyranoside
and kaempferol-3-O-a-L-rhamnopyranoside induced significant cyto-
toxicity. Interestingly, kaempferol-3-O-a-L-rhamnopyranoside had high
bonding energy on human epidermal growth factor receptor-2 (HER2).
Further S. aromaticum flavonoid (5-hydroxy-7,4’-dimethoxy-6,8-di-C-
methylflavone) lacked cytotoxic affects, but had cytostatic activity against
AGS cells by inhibiting cell cycle progression at the G2/M phase.
Because multiple parts of S. cumini are used therapeutically to treat
cancer, the fruit has attracted interest among researchers. Several studies
have reported potent antiproliferative activity for S. cumini fruit extracts
against HelLa and SiHa cervical carcinoma cells [18], A549 human non-
small cell lung carcinoma cells [7] and U251 (brain tumor cell line), and
HEPG2 (hepatocarcinoma cells) and H460 (lung carcinoma cell line)
[120]. Aquil et al. [7] and Nazif [120] postulated that anthocyanins were
responsible for the antiproliferative activity. They. [7] identified cyani-
din, delphinidin, malvidin, peonidin, petunidin, and pelargonidin as the
major anthocyanin fruit components. Nazif [120] identified glycoside
derivatives of these compounds, such as pelargonidin-3-O-glucoside,
pelargonidin-3,5-O-diglucoside; cyanidin-3-O-malonyl _glucoside, and



56 Bioactive Compounds of Medicinal Plants

delphinidin-3- O-glucoside. S. cumini seed extracts also have antiprolif-
erative activity against multiple carcinoma cell lines [120]. A recent study
reported that S. cumini seed extracts inhibited the proliferation of a panel
of human carcinoma cell lines including MCF-7 (breast cancer), A2780
(ovarian carcinoma), PC-3 (prostate carcinoma), and H460 (non-small cell
lung carcinoma) [202]. A different study demonstrated that similar seed
extracts also inhibit skin carcinogenesis in vivo in a murine model [127].
Further studies have reported that other Asian Syzygium species also
inhibit cancer cell proliferation. The anticancer properties of S. samaran-
gense against CHO-AAS Chinese hampster ovary, MCF-7 and SKBR-3
human breast cancer carcinoma cells [4], and SW480 human colon cancer
cells [166] have been reported. Both studies determined potent antiprolif-
erative activity of these extracts. Indeed, IC values of 10-60 pug/mL were
determined for S. samarangense fruit pulp extract and some semi-purified
fractions of the extract cells [166]. Amor et al. [4] reported considerably
more potent antiproliferative activities for compounds purified from the
fruit pulp extract (<0.2 nM). These potencies are especially promising
compared to the IC, values of other conventional cancer chemotherapeu-
tic drugs against several cell lines [1.14 pg/mL (4.8 uM) for pure cispla-
tin; 2.5—7.5 nM for paclitaxel [98]]. Different cell lines and assay systems
were used by Amor et al. [4] compared to these other studies, and this
may account for these differences in the results. However, the IC, values
reported by Amor et al. [4] are particularly noteworthy as they indicate
that the isolated S. samarangense fruit pulp compounds are at least 10-20
times more potent anticancer drugs than cisplatin and paclitaxel.
Interestingly, research studies by Amor et al. [4] and Simirgiotis et al.
[166] attributed the anticancer properties to chaclones. The methylated
chalcones  2’-hydroxy-4’,6’-dimethoxy-3’-methylchalcone, 2’,4’-dihy-
droxy-6’-methoxy-3’,5’-dimethylchalcone, 2’,4’-dihydroxy-6’-methoxy-
3’-methylchalcone,2’,4’-dihydroxy-6’-methoxy-3’-methyldihydrochalcone,
and 2°,4’-dihydroxy-6’-methoxy-3’,5’-dimethyldihydrochalcone were iden-
tified as the highly potent purified compounds by Amor et al. [4]. Simirgiotis
et al. [166] identified the same chalcones as well as the quercetin glycosides
reynoutrin, hyperin, myricitrin, quercitrin, quercetin, and guaijaverin.
Fewer studies have examined the anticancer properties of the African
and Australian Syzygium species. Indeed, while several papers reported
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that selected African Syzygium species attenuate oxidative stress in cell
lines [42, 43], the authors of this chapter were unable to find any studies
that specifically reported anticancer activity of the African Syzygium spe-
cies. While there is also a dearth of anticancer studies for the Australian
species, one study has reported that S. australe and S. leuhmannii leaf and
fruit extracts were potent inhibitors of carcinoma cell growth [75]. Indeed,
the study reported IC, values of 27 and 172 pg/mL against HeLa cervical
and CaCo2 colorectal carcinoma cell lines, respectively. Furthermore, the
study screened multiple extracts and correlated the antiproliferative activ-
ity with extracts with high antioxidant capacity. However, that study did
not identify the active components, nor did it evaluate the anti-prolifera-
tive mechanism.

The anticancer properties of the other Syzygium species remain largely
unexplored. However, a defining feature of the genus is that the fruit (and
often the leaves) possess high antioxidant activities. The induction of cel-
lular oxidative stress has been linked with the etiology and progression of
several types of cancer [22, 182]. Thus, the high antioxidant contents of
many Syzygium species may inhibit cancer formation and/or progression.
Chromosome instability is also a common feature of many of the cancers
that have been linked with oxidative stress, suggesting that increased oxi-
dative stress may contribute to development of genetic instability. Oxi-
dative stress leading to genetic instability would result in the emergence
of new tumor phenotypes. In such populations, a decrease in apoptosis
but an increase in tumor growth and subsequent tumor progression are
observed. Consumption of high levels of antioxidants (as are characteris-
tic of Syzygium species) may block this genetic instability and thus block
tumorigenesis.

The anticancer properties of the other Syzygium species remain largely
unexplored. However, a defining feature of the genus is that the fruit (and
often the leaves) possess high antioxidant activities. The induction of cel-
lular oxidative stress has been linked with the etiology and progression of
several types of cancer [22, 182]. Thus, the high antioxidant contents of
many Syzygiumspecies may inhibit cancer formation and/or progression.
Chromosome instability is also a common feature of many of the can-
cers that have been linked with oxidative stress, suggesting that increased
oxidative stress may jcontribute to development of genetic instability.
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Oxidative stress leading to genetic instability would result in the emer-
gence of new tumor phenotypes. In such populations, a decrease in apop-
tosis but an increase in tumor growth and subsequent tumor progression
are observed. Consumption of high levels of antioxidants (as are charac-
teristic of Syzygium species) may block this genetic instability and thus
block tumorigenesis.

Most of the currently used anticancer agents prescribed for the treat-
ment of established tumors (e.g., doxorubicin, daunorubicin, mitomycin
C, etoposide, cisplatin, arsenic trioxide, ionizing radiation, photodynamic
therapy) depend exclusively or in part on the production of ROS for cyto-
toxicity. Sensitivity of tumor cells to oxidative stress and/or apoptosis may
affect treatment success [46, 146]. Studies on the antioxidant/ pro-oxi-
dant effects of extracts from plant species from other genuses have dem-
onstrated that the ability of a plant extract to exert antioxidant activity
depends on multiple factors. 4loe vera antioxidant components for exam-
ple may function as either an antioxidant or an oxidant, with their action
being dependent upon their concentration [35]. The 4. vera anthraquinone
aloe emodin exerts antioxidant behavior at lower concentrations, but acts
as a pro-oxidant at high concentrations. In contrast, a different 4. vera
anthraquinone (aloin) has an antioxidant effect at higher concentrations,
but has pro-oxidant effects at low concentrations [35]. A. vera extracts
and components may act as either antioxidants or as oxidants, depending
on different levels of the various constituents, and on their ratios. Thus,
although many Syzygium species have very high antioxidant contents, it
is possible that the individual components may act as either antioxidants
or as oxidants and thus may also be effective in the treatment of cancer as
well as in its prevention at different concentrations.

Similar pro-oxidant effects have been reported for other antioxidant
phytochemicals including flavonoids [138] and tannins [167], which are
present in relatively high concentrations in many Syzygium species (Table
3.1). The pro-oxidant/antioxidant effect of plant extracts is due to the bal-
ance between the free radical scavenging activities and reducing power of
their phytochemical components [35]. The antioxidant vitamin ascorbic
acid is present in high levels in several Syzygium species. While ascor-
bic acid has well-characterized antioxidant bioactivities, it also acts as a
pro-oxidant at high concentrations due to the greater reducing power of
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ascorbic acid than its free radical scavenging activity [77]. In the pres-
ence of transition metal ions, ascorbic acid will function as a reducing
agent, thus reducing the metal ions. In this process, it is converted to a
pro-oxidant. Therefore, high dietary intake of ascorbic acid in individuals
with high iron levels (e.g., premature infants) may result in unexpected
health effects due to the induction of oxidative damage to susceptible bio-
molecules [66].

ROS-based tumor therapy would cause tumor regression, if the tumor
cells are not apoptotic/oxidant-resistant cells. Therefore, if Syzygium
antioxidant components are present in concentrations and ratios consis-
tent with pro-oxidant activity, the extract would be expected to induce
apoptosis and therefore would have anticancer activity. If the levels of
components are consistent with a reducing environment, antioxidant activ-
ity would occur, and the extract would not have anticancer activity. Con-
versely, if the protocol is repeated on a tumor with apoptotic-resistant/
oxidant-resistant cells, the converse would apply and tumor progression
would be observed.

3.6 ANTI-INFLAMMATORY ACTIVITY AND
IMMUNOMODULATION

Inflammation is a complex response by our body to injury, which typically
follows a variety of insults including burns, wounds, bites, stings, etc. It is
characterized by a wide variety of symptoms including swelling, redness,
and pain [103]. Though Syzygium species contain multiple active phyto-
chemicals, many with antioxidant activity, it is likely that several of these
may be required to address different aspects of the inflammatory process.
The inflammatory processes require cellular release of several classes of
molecules. Vasoactive substances (e.g., bradykinin, prostaglandins, and
vasoactive amines) are required to dilate blood vessels, thereby opening
junctions between cells to allow leukocytes to pass through capillaries.
Any compound capable of blocking these vasoactive substances would
potentially have a therapeutic effect as an anti-inflammatory agent. The
phytosterols B-sitosterol and B-sitosterol glycoside are present in abun-
dance in several Syzygium species [107]. Other phytosterols including
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sitost-4-en-3-one, betulinic acid, oleanic acid, friedelin, and 3-B-friedelinol
are also present in some species [ 107]. Phytosterols (including p-sitosterol)
stimulate smooth muscle cells to release prostacyclin (PGI,) [132]. Con-
versely, B-sitosterol treatment blocks the release of PGI, and prostaglandin
E, (PGE,) from macrophages [11]. Thus, B-sitosterol treatment would be
expected to affect vasodilation and therefore have a therapeutic effect on
inflammation.

Numerous recent studies have reported anti-inflammatory properties of
S. cumini extracts and essential oils. Various parts of the plant have been
reported to inhibit inflammation, although the activity of leaf extracts and
selected oils has been the most extensively examined. Several studies have
reported significant anti-inflammatory activity of S. cumini leaf extracts
using a rodent paw edema model [21, 74, 99]. While both these studies
reported good anti-inflammatory activity of S. cumini leaf extracts, they
differed substantially in their potency. Jain et al. [74] reported a signifi-
cant reduction in carrageenan-induced paw swelling in adult Wistar rats
at oral doses of 200 and 400 mg/kg. In contrast, Brito et al. [21] and Lima
et al. [99] reported substantially higher potency in an adult Swiss mouse
model, with a reduction of paw swelling evident at doses as low as 0.01
ug/kg. These studies used different rodent models, which may contribute
to these different potencies. Furthermore, different extraction protocols
were utilized to prepare the extracts. Jain et al. [74] tested methanol and
ethyl acetate leaf extractions, whereas Brito et al. [21] and Lima et al. [99]
screened infusions for bioactivity. As methanol, ethyl acetate, and water
are likely to extract quite different phytochemical profiles, the different
potencies are perhaps not surprising. Notably, flavonoids and hydrolys-
able tannins were present in relatively high abundance in the S. cumini leaf
infusions, and the authors postulated that these contributed to the observed
anti-inflammatory activity [99]. While the specific compounds were not
determined in that study (only the class of compounds), flavonoids and
tannins have well-established anti-inflammatory properties [33], and thus,
their presence in this extract is consistent with the observed activity.

Essential oils produced from S. cumini leaves also have notable anti-
inflammatory activity. A recent study evaluated the effects of the oils
and their terpenoid-enriched fractions using a lipopolysaccharide (LPS)-
induced pleurisy model and reported that eosinophil migration was
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significantly inhibited by the S. cumini leaf essential oil and its fractions
by 63—76% [148]. The ability to inhibit eosinophil migration correlated
with more volatile fractions. These higher volatility extracts were rich
in a-pinene, B-pinene, limonene, ocimene isomers, B-caryophyllene, and
humulene, all of which have been shown to have anti-inflammatory activ-
ity in the LPS-induced pleurisy model [58, 101, 128, 169]. The potency of
the individual oil terpenoids a-pinene and B-caryophyllene and of an arti-
ficial mixture of these compounds (at ratios similar to those in the essen-
tial oil) has also been reported [148]. Interestingly, that study indicated
that the synergy between these terpenoids is likely due to the addition of
a-pinene, which significantly potentiated the anti-inflammatory activity of
-caryophyllene.

Similarly, S. cumini seed extracts have been reported to have anti-
inflammatory activity in rat paw edema studies [92, 93]. All these stud-
ies reported similar efficacies in the range 200-250 mg/kg. Interestingly,
these crude extracts had similar anti-inflammatory potency to that of the
pure compound sodium diclofenac (100 mg/kg), which was used as a posi-
tive control [111]. A further study reported that S. cumini seed extract sig-
nificantly inhibited neutrophil chemotaxis [54]. A different study reported
that S. cumini bark extract also had potent anti-inflammatory activity and
reduced swelling by 84% in a mouse paw edema model [117].

S. aromaticum extracts [87, 176] and essential oil [6] also inhibit
inflammation in rodent model systems. The inhibition was of a similar
potency to that of the S. cumini extracts, with 250 mg/kg concentration
suppressing 52% of rat paw edema [176]. However, the study also reported
an LD, value of just over 500 mg/kg. The similarity of the effective and
toxic doses would impact the usefulness of S. aromaticum extract for sys-
temic uses. Further studies have demonstrated that an aqueous S. aromat-
icum flower bud extract inhibits systemic anaphylaxis and IgE-induced
cutaneous reactions via an inhibition of histamine release [87]. The study
also reported that these effects were related to the activation of adenylate
cyclase, resulting in an increase in intracellular cAMP levels.

Other Asian Syzygium species also have potent anti-inflammatory activ-
ity. The S. alternifolium root extracts (500 mg/kg) induced rapid reduction
in carrageenan-induced Wistar rat paw edema within 1 hour [80]. Fur-
thermore, the effects of the extract were still evident 5 hours after the
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initial induction of inflammation. Carrageenan-induced edema is believed
to be biphasic, with the early phase (1-2 hours) mediated by histamine,
serotonin, and increased synthesis of prostaglandins in the affected tissue
[199]. The later phase is sustained by prostaglandin release and mediated
by bradykinin and leukotrienes produced by tissue macrophages [199].
The study also examined the in vitro enzyme activity of 5-lipoxygenase
(5-LOX) activity and reported a significant reduction, similar to that of the
standard drug Zileutin. Thus, S. alternifolium root extracts have potential
in the prevention and treatment of inflammation.

Similarly, S. samarangense leaf extracts also have significant anti-
inflammatory activity in a mouse paw edema test [114]. That study
reported that 200 mg/kg concentration reduced paw edema by 65%, com-
pared to 84% for a similar dose of diclofenac. A different study identified
the S. samarangense chalcone aurentiancin as a possible anti-inflamma-
tory mediator and investigated its effects on LPS-induced inflammation
in mouse macrophages [86]. The study reported that aurentiancin signifi-
cantly inhibited LPS-induced nitric oxide production via suppression of
nitric oxide synthase expression [86]. Aurentiancin exposure also down-
regulated mRNA levels of the proinflammatory cytokines TNF-q, inter-
leukin-6, NF-kB, and p65. Furthermore, aurentiancin treatment attenuated
the phosphorylation of MAPKs and p65 [86]. Thus, the authors concluded
that aurentiancin mediates its anti-inflammatory activity via the inhibition
of NF-«B activation. Similarly, S. jambos extracts and the pure compounds
ursolic acid and myricitin also inhibit the release of the proinflammatory
cytokines interleukin-8 and TNF-a by 74-99% [159].

Few studies have examined the anti-inflammatory potential of African
or Australian Syzygium species. A recent study used an induced mouse paw
edema study to examine the effects of leaf extracts of Western African spe-
cies S. guineense on inflammation [73]. The study reported significant anti-
inflammatory activity at relatively high extract concentrations (1000 mg/
kg). However, lower concentrations (200 mg/kg) did not significantly affect
inflammation. While authors of this chapter were unable to find reports of
direct effects of other Syzygium spp. on inflammation, several studies have
reported that the African species S. cordatum [39, 40] as well as the Aus-
tralia species S. australe and S. leuhmannii [41] can inhibit some bacte-
rial triggers of autoimmune inflammatory diseases and thus have potential



Plants of the Genus Syzygium (Myrtaceae) 63

in the prevention and treatment of these inflammatory diseases. However,
none of these studies tested whether these extracts also have direct effects on
inflammatory mechanisms and such studies are required. If anti-inflamma-
tory activity is subsequently demonstrated, these species may be particularly
useful in the treatment of these diseases via pluripotent mechanisms.

Much more research work is required to evaluate the anti-inflamma-
tory activity of other Syzygium species. Previous and current studies have
focused on relatively few Asian Syzygium species due to their use in tra-
ditional healing systems. However, due to the taxonomic relationships
between species of this genus as well as their phytochemical similarities, it
is likely that other species of this genus might also have anti-inflammatory
potential. In particular, investigation of the anti-inflammatory potential of
African and Australian species is urgently required.

3.7 ANTIDIABETIC ACTIVITY

The potential for Syzygium species in providing considerable beneficial
effects on glucose metabolism and storage, and thus in diabetes treatment,
has greatly expanded in recent years [13]. Much has been discovered on
the effects of plant extracts, and, in some cases, constituents purified from
extracts, in treating diabetes and diabetes-related ailments.

Early studies on Syzygium cumini indicated hypoglycemic properties
of plant leaves consumed as an infusion [20, 196]. Due to the wide culti-
vation of the plant worldwide [65, 170, 185], interest in these properties
have increased with extracts considered to act as a likely antidiabetic agent
[67]. Despite this, the first research outcomes using the infusion or extract
preparations were conflicting. Interestingly, evidence began to emerge that
revealed a paradoxical lack of anti-hyperglycemic effect on animal sub-
jects and no hypoglycemic effect on fasting blood glucose levels in clinical
trials in infusions prepared from leaves of S. cumini [177-180]. Ethanolic
extracts of the plant did, however, induce pancreatic insulin secretion in
diabetic rats [153], but glucose levels were not altered in either diabetic
or nondiabetic mice [124]. In contrast, in rats induced with diabetes using
streptozotocin, 100 mg/kg doses of ethanolic S. cumini kernel extracts
restored normal blood glucose and liver glycogen levels comparable to
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those of control animals and of diabetic animals treated with the hypogly-
cemic drug glibenclamide [142]. High fructose diets in rats lead to hyper-
insulinemia, which can be prevented by daily oral administration of 400
mg aqueous S. cumini extracts [190]. Later studies using flavonoid-rich
ethanolic extracts of S. cumini seeds showed a similar effect [158] as well
as generated a gene expression profile that enhances glucose tolerance,
which may explain a possible attenuation of the diabetic condition [161].
Collectively, these studies suggest that infusions prepared from the leaves
possess little or no activity, whilst extracts from other parts of the plant
such as the seeds or bark contain the active ingredient(s).

Shinde et al. [164] showed that ethanolic extracts of S. cumini seeds
inhibited a key enzyme (a-glucosidase) involved in the metabolism of car-
bohydrates, leading to postprandial hyperglycemia. Animals treated with
the extract showed a concomitant decrease in plasma glucose levels, sug-
gesting an improvement in glucose tolerance in animals challenged with
maltose [164]. These findings were supported by others who demonstrated
the in vitro inhibition of this enzyme by either ethanolic or aqueous S.
cumini extracts [110] or of a-amylase by S. cumini aqueous seed extracts
[82]. In addition, the pathological changes in pancreatic islets and p-cells
in type 2 diabetic rats were ameliorated by pre-treatment with 400 mg/kg
saline suspension of S. cumini extracts [157]. Liver enzymes, which were
increased in the alloxan-induced diabetic mice, were also significantly
reduced by treatment with 250 mg/kg aqueous extracts of S. cumini, thus
reducing serum glucose levels [160]. Together, these findings support both
hypoglycemic and liver protective roles of S. cumini extracts in treating
type 2 diabetes.

Advances in research methodologies allowed for more definitive tests
to be performed using S. cumini. In particular, the phytochemical con-
stituents of extracts from various parts of the plant have been identified
to determine the component responsible for the observed antidiabetic
properties. The apparent inhibition of enzymes responsible for the break-
down of complex carbohydrates into monomeric glucose may be due to
the presence of alkaloids and glycosides in S. cumini seed extracts [13,
183]. Such extracts are also known to be rich in flavonoids, which may
exert hypoglycemic [158] and pancreatic B-cell regenerative effects [189]



Plants of the Genus Syzygium (Myrtaceae) 65

in diabetic animals. Sharma et al. [161] partially purified a fraction from
ethanolic S. cumini seed extracts, which was found to contain saturated
fatty acid, A° lipid, and sterol. When administered to diabetic rabbits, the
fraction increased plasma insulin, increased liver and muscle glycogen,
and restored glycolysis and gluconeogenesis enzyme activities close to
those of untreated animals [161]. Recently, the compound vitalboside A
(VBA) was purified from a bioactive fraction obtained from S. cumini
seeds [181] and found to stimulate insulin uptake, prevent the downreg-
ulation of insulin signaling, and promote glucose transport and uptake.
While infusions prepared from S. cumini leaves had no effect on diabetes,
the preparation of a hydroalcoholic (50% water, 50% ethanol) leaf extract
was shown to contain high concentrations of phenols and the presence of
myricetin glycosides [15], with the latter postulated to have antidiabetic
properties [31, 100]. Betulinic acid and 3,5,7,4’-tetrahydroxy flavanone
extracted from S. cumini seeds appear responsible for the inhibition of
carbohydrate metabolism via a-amylase blockade [82].

Evidence of antidiabetic activity has arisen from studies involving
other Syzygium species. S. aromaticum extracts are capable of downregu-
lating the expression of genes encoding liver gluconeogenesis enzymes
in vitro [133] and inhibit small intestine carbohydrate-metabolizing
enzymes (such as a-amylase, sucrose, and a-glucosidase) with a concomi-
tant decrease in in vivo blood glucose [1, 85, 123]. Thus, S. aromaticum
extracts appear to act in a similar manner to insulin and have even been
shown to increase cellular glycolysis, and thus glucose consumption, in
mouse myocytes [187]. Indeed, methanolic extracts almost completely
abolished glycation-induced protein crosslinking [129], a process known
to be accelerated in diabetes [63]. S. aromaticum extracts are rich in free
polyphenols and flavonoids [2] and the essential oils contain significant
quantities of a-pinine, B-pinene, and 1,8-cineole [123], which may assist
in alleviating type 2 diabetes-related oxidative stress [53].

S. aqeuem leaf extracts possess a-amylase and a-glucosidase inhibi-
tory properties, which has been found to be linked to multiple flavonoid
constituents contained within the ethanolic fractions [105]. In addition,
these compounds prevent glucose uptake and enhance adipogenesis [106],
thus acting as insulin-like agents. This may explain the reported use of this
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plant in a traditional setting for diabetes treatment [139]. S. samarangense,
or pink wax apple, contains a myriad of phytochemicals including quer-
cetin glycosides [166], flavonoids [143], and triterpenoids [171]. Vesca-
lagin, a diastereoisomer of castalagin [192], was identified in young fruit
of S. samarangense and found to possess hypoglycemic effects [163]; it
was later demonstrated to be effective in ameliorating glucose homeostasis
in rats fed high-fructose diets [71]. Ripened S. densiflorum fruits contain
flavonoids, terpenoids, phenols, quinones, and other phytochemicals [90]
within the ethanolic extracts, which appear to be capable of eliciting anti-
hyperglycemic effects and restoring pancreatic B-cell capacity [89]. Blood
glucose in diabetic rats was significantly reduced following the adminis-
tration of S. cordatum leaf [118] or S. alternifolium seed [83, 140] extracts.
The methanolic extract of S. polyanthum (Wight.) also reduced blood glu-
cose levels in diabetic rats, which may be accounted for by the presence
of tannins, flavonoids, glycosides and alkaloids within the extract [198].
Bark extracts (methanolic) of S. caryophyllatum also cause dose-depen-
dent decrease in plasma glucose levels in diabetic Wistar rats [10], while
this effect was also elicited by S. calophyllifolium bark extracts with an
accompanying improvement in the hepatic, renal, and pancreatic cellular
architecture [29].

3.8 CONCLUSIONS

This survey on the traditional medicinal and pharmacognosy literature
has highlighted the therapeutic importance of this useful Syzygium spe-
cies. Various Syzygium species have been widely used in diverse tradi-
tional medicine systems such as Ayurveda, Siddha, Western, and Southern
and Central African medicinal systems as well as in various Australian
Aboriginal medicinal systems. Despite this history of traditional usage,
until recently, rigorous scientific research has been confined to the study
of only a few species. of these, the Ayurvedic medicinal plants (especially
S. aromaticum and S. cumini) have received the most attention. In these
species, multiple therapeutic bioactivities have been documented. These
species have been reported to have good antioxidant, anticancer, antidia-
betic, antiseptic, and anti-inflammatory effects. In some cases, the active
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phytochemicals have been established, although for many medicinal prop-
erties, the active principles have been only partially characterized. Instead,
often the partially purified compounds of a crude extract are itemized, but
the active component(s) remain unidentified.

In other studies, the active compounds have not been characterized
and instead only the classes of compounds in the crude mixture have been
determined. Much work is still required to fully understand the phyto-
chemistry of the genus Syzygium. Even for more extensive studied spe-
cies (S. aromaticum and S. cumini), research studies are required to fully
determine the extent of medicinal properties and phytochemistry. Further-
more, few of these previous studies have provided substantial mechanistic
details to explain how the active principles achieve their medicinal effects.

The scope for future pharmacognostic studies is perhaps broader for
many of the Syzygium species not traditionally used in Ayurveda due to
the lack of even most basic studies into their therapeutic potential and phy-
tochemistry. Some interesting bioactivity studies have begun to examine
African and Australian Syzygium species in recent years. However, most
of the tested species have only been tested for one or two medicinal prop-
erties, and these studies are usually driven purely by an ethnobotanical
history of use. Given the taxonomic similarities between species of this
genus, it is evident that more bioactivity studies are needed, and where a
therapeutic bioactivity is detected, phytochemical and mechanistic studies
are also necessary.

Australian Syzygium species have been particularly poorly studied
despite an oral history of medicinal usage and the species diversity of
this region. Because several recent studies have reported an extremely
high antioxidant content of S. australe and S. leuhmannii, there has been
a recent interest in these species. However, these studies have generally
focused only on bioactivity screening or phytochemical screening, without
combining these disciplines for a bioactivity-driven approach to character-
ize the active components and mechanisms. While S. australe and S. leuh-
mannii are receiving attention, the other Australian species remain largely
unstudied, and substantial work is needed in this area.

Presently, the Syzygium species tested are largely only those with a
history of use in traditional medicinal systems. Yet, the similarity between
many species indicates that testing all species for bioactivities evident in
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the more established species is warranted. More investigation is required
for a more complete understanding not only of the potential of plants
from this genus but also of their phytochemistry. Such an approach will
definitely lead to the establishment of useful nutraceuticals and may also
result in the development of further pharmaceuticals.

3.9 SUMMARY

Plants of the genus Syzygium are widely used traditionally for medici-
nal purposes in tropical and subtropical regions. Many species are used
for their antibacterial, antifungal, antiprotozoal, antiviral, antidiarrheal,
antidiabetic, analgesic, antimalarial, antioxidant, anti-inflammatory, and
anticancer activities. The antidiabetic and antimicrobial effects of Syzy-
gium cumini and Syzygium aromaticum have been well documented. The
analgesic effects of S. aromaticum are also widely known.

However, few studies have rigorously examined the therapeutic proper-
ties/mechanisms and phytochemistry of many other species. The therapeu-
tic properties of Australian Syzygium species have been particularly poorly
reported, despite this region having the richest diversity of Syzygium spe-
cies. This may be because much of our understanding of the use of the
Australian species has been irretrievably lost as ethnobotanical knowledge
was passed between generations of the first Australians by oral tradition.
Thus, in contrast to Asian and African traditional healing systems, there
is now generally little understanding of the traditional uses of Australian
Syzygium species. This has provided considerably fewer avenues for drug
discovery.

The last decade has seen a large increase globally in the number of
studies on the use of Syzygium species as therapeutic agents. Several spe-
cies used in Ayurvedic medicine (S. aromaticum and S. cumini) in par-
ticular have received much attention. Recent reports have also highlighted
the medicinal potential of species from Africa, Australia, and the Oceania
region. This chapter summarizes recent research on the medicinal prop-
erties, phytochemistry, and therapeutic mechanisms of Syzygium species
and also highlights future areas of research on the medicinal activities of
Syzygium species.
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4.1 INTRODUCTION

Talinum triangulare, popularly known as waterleaf, is a fleshy, saponin-
rich, perennial herb that is widely cultivated as an edible and medicinal
vegetable in West Africa, Asia, and South America [4]. In folk medicine
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(in Taiwan province of China), the plant has been employed in the pre-
vention and management of diabetes, cancer, stroke, obesity, and mea-
sles. T. triangulare has been utilized in the prevention of hepatopathies
and cancer in traditional medicine [4]. The hepatoprotective effects
of T. triangulare against oxidative liver damage are well documented
[1, 4, 21, 25, 28]. However, the molecular mechanisms underlying 7.
triangulare’s antioxidant activities have not been totally elucidated.
Extracts from 7. triangulare have been shown to demonstrate potent
antioxidant activities in in vitro and in vivo studies [1, 4, 21, 25]. These
antioxidant properties have been associated with high proportions of
betalains [28], phenols, and flavonoids [21, 25] in the plant. Excessive
generation of reactive oxygen species (ROS) leads to oxidative stress,
a process that mediates cellular damage. It has been shown that oxy-
gen free radicals are involved in the development of cancer, diabetes,
cardiovascular diseases, atherosclerosis, ischemia/reperfusion injury,
neurodegenerative diseases, inflammation, ageing [2, 14, 15, 29], and
various hepatopathies [6]. The peroxidation of unsaturated fatty acids
in biological membranes leads to disruption of membrane structure and
function that is implicated in numerous pathological changes [2]. There
are many known endogenous systems and processes that limit ROS and
their resultant deleterious effects; however, this protection may not be
sufficient at all times, and hence, there is a need for extrinsic antioxi-
dants [11, 16].

A number of studies [1, 4, 25] have demonstrated the hepatoprotec-
tive effects of T. triangulare on experimentally induced liver damage
at the biochemical level by investigating the levels of relevant serum
enzymes.

The study in this chapter is the first to describe the mRNA expres-
sion mechanisms underlying the antioxidant hepatoprotective effects of
T. triangulare by describing the gene expression profile of hepatic anti-
oxidant genes: superoxide dismutase-1 (Sodl), heme oxygenase (decy-
cling)-1 (Hmox-1), catalase (Cat), and glutathione peroxidase-1 (GpxI).
This chapter also describes the mRNA expression profile of key hepatic
marker enzymes such as alkaline phosphatase (4/p/) and glutamic pyru-
vate transaminase (alanine aminotransferase) (Gpz).
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4.2 MATERIALS AND METHODS
4.2.1 CHEMICALS, REAGENTS, AND PLANT MATERIAL

Formaldehyde, absolute alcohol, and xylene were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). DNase I, RNase-free kit, RNase-free
water, O’Gene Ruler Low Range DNA Ladder, and Proteinase-K were
purchased from Thermo Scientific (Pittsburgh, PA, USA). Trizol reagent,
High Capacity cDNA Reverse Transcription Kit and Power SYBR®
Green PCR Master Mix were purchased from Life technologies (Califor-
nia, USA). Oligos for qPCR were purchased from Integrated DNA Tech-
nologies, Inc. (Coralville, lowa, USA). Agarose D-1 Low EEO-GQT was
purchased from Conda Laboratories (Madrid, Spain). T. triangulare leaves
were purchased from the general market (Ilorin, Nigeria) and were veri-
fied and authenticated by Mr. Adebayo at the herbarium of Department of
Plant Biology, University of Ilorin, Nigeria. The leaves were washed in
distilled water and prepared as described by Adefolaju et al. [1].

4.2.2 ANIMALS AND THEIR TREATMENT

The maintenance and care of experimental animals complied with guide-
lines for the humane use of laboratory animals by the National Institute
of Health; and the approval was obtained from the research committee
of College of Health Sciences, University of Ilorin. Nigeria. Twenty-five
healthy male Wistar rats (weight 150-200 g) were obtained from and kept
at the animal holdings unit of the Department of Anatomy, University of
Ilorin, in well-ventilated cages under standard photoperiodic conditions
and were given rat pellets (Bendels Feeds, Yoruba road, Ilorin) and water
ad libitum. The animals were randomly divided into five groups of five
rats each:

* Group A (Control) was kept on normal diet and received water orally
and administration of olive oil (intraperitoneally, i.p) at 0.5 mL/kg of
body weight (b.w.) once daily for 7 days.

* Group B received carbon tetrachloride ((CCl,) @ 0.5 mL/kg of b.w.,
20% CCl /olive oil i.p) [27], once daily for 7 days.
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* Group C received 200 mg/kg of extract concentration orally and 0.5
mL/kg of b.w., 20% CCl,/olive oil i.p concurrently for 7 days.

* Group D received 400 mg/kg of aqueous extract orally and 0.5 mL/
kg of b.w., 20% CCl /olive oil i.p concurrently for 7 days.

* Group E received 600 mg/kg of aqueous extract orally and 0.5 mL/
kg of b.w., 20% CCl /olive oil i.p concurrently for 7 days.

The animals were anaesthetized and sacrificed on the 8th day, and liver
tissues were formalin fixed and paraffin embedded.

4.2.3 TOTAL RNA ISOLATION AND REAL-TIME qPCR

Extraction of total RNA from formalin-fixed, paraffin-embedded tissue
was performed as described by Ma et al. [22]. Briefly, 20-um sections
were cut from the interior of paraffin blocks using a microtome. Tissue
slices were placed into 1.5 mL RNase-free 1.5 mL microcentrifuge tubes
and 1 mL 100% xylene was added. Tubes were incubated at 50°C for 3
min to melt the paraffin and then centrifuged for 1 min at the maximum
speed to pellet the tissue; the xylene was discarded without disturbing
the pellet, and the xylene wash was repeated. The pellet was washed
twice with 1 mL 100% ethanol and air dried. Protease K digestion buf-
fer (150 pL) 1x was added to each sample and incubated at 55°C for 3
h. Trizol (1 mL) was added to each sample and incubated at 15 to 30°C
for at least 5 min to dissociate nucleoprotein complexes. Chloroform
(0.2 mL) was added, and the tubes were vortexed vigorously for 15
s and incubated at 30°C for 3 min. The samples were centrifuged at
12,000 x g for 15 min at 4°C. The aqueous phase was then transferred
to a fresh tube, and 10 pg of glycogen was added and mixed. The total
RNA was precipitated by mixing with 0.6 mL isopropyl alcohol; the
precipitate was placed at -20°C for 1 h and then centrifuged at 12,000
x g for 10 min at 4°C. The RNA pellet was washed with 100% ethanol,
briefly air dried, and dissolved in RNase-free water. RNA concentration
and purity were determined using the Nanodrop-1000 spectrophotom-
eter. RNA integrity was checked by gel electrophoresis. According to
the manufacturer’s instructions, genomic DNA was removed from total
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RNA using the DNase I, RNase-free kit. The DNAase I-treated RNA
was again cleaned with the GeneJET RNA Purification kit, re-quanti-
fied, and stored at -80°C until use.

According to the manufacturer’s instructions, cDNA was synthesized
using the MultiScribe™ Reverse Transcriptase from 700 ng RNA. The
reverse transcriptase reaction was carried out in a GeneAmp® PCR Sys-
tem 9600 Thermal Cycler for 10 min at 25°C, 120 min at 37°C, and the
enzyme was then deactivated for 5 min at 85°C. The cDNA aliquots were
then utilized in qPCR reactions for Sodl, Ho-1, Cat, GpxI, Alpl, and Alt
with Sdha, Actb, and B2m used as the endogenous reference genes.

PCR reactions were amplified for 40 cycles prior to which the Ampli-
Taq Gold® DNA polymerase was activated for 10 min at 95°C. Each cycle
consisted of a denaturing step for 15 s at 95°C and annealing/extension
step for 1 min at 60°C. PCR amplification was performed in a final volume
of 20 pL using the Power SYBR® Green PCR Master Mix with the ABI
7500 real-time PCR machine. Primer sequences and PCR product sizes
are indicated in Table 4.1.

To confirm the absence of nonspecific amplification, the PCR prod-
ucts were separated on 3% agarose gels and stained with ethidium
bromide, and images were acquired with the BioRad Gel Doc® XR
(Model 170-8170 Segrate, Milan, Italy). Melt curves were generated
for each PCR product using the Applied Biosystems ABI 7500 soft-
ware. The relative mRNA expression levels of target genes in each
sample were calculated using the gqbasePLUS software (Biogazelle,
Zulte, Belgium).

4.2.4 STATISTICAL ANALYSIS

Statistical analysis was performed using JMP® (Version 10.0, SAS Insti-
tute Inc., Cary, NC, USA). Data were reported as mean + SEM. After veri-
fying the normal distribution and the homogeneity of the variance using
an F-test (P < 0.05), a one-way analysis of variance (where a significance
level of P < 0.05 was set) was used to compare the results. All mean values
were then compared using the Tukey-Kramer HSD.
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TABLE 4.1 Oligonucleotide Sequences Used for gPCR

Gene NCBI accession  Sequences (5°-3’ direction) Product
No size (bp)

Target Genes

Sodl NM_017050.1 F TTGGCCGTACTATGGTGGTC 121
R TGGGCAATCCCAATCACACC

Hmox-1 NM 012580.2 F TCTGCAGGGGAGAATCTTGC 135
R TTGGTGAGGGAAATGTGCCA

Cat NM_012520.2 F GCTCCGCAATCCTACACCAT 104
R GTGGTCAGGACATCGGGTTT

Gpx1 NM_030826.3 F CCCGGGACTACACCGAAATG 147
R CGGGTCGGACATACTTGAGG

Alpl NM_013059.1 F CTTCCCACCCATCTGGGCTC 100
R ATGAGTTGGTAAGGCAGGGTCC

Gpt NM_031039.1 F ATTTCCCCACTGGACCCTTC 171
R TCGAACTGCATACTCCACCC

Reference Genes

Sdha NM_130428.1 F CCCATTCCAGTCCTTCCCAC 102
R CACAATCTGATCCTGGCCGT

Actb NM_031144.3 F CTGTGTGGATTGGTGGCTCT 134
R AGCTCAGTAACAGTCCGCCT

B2m NM_012512.2 F CACACGCAGTCTGAAAACCC 170
R AAAGGAGCTTTGGGGACACA

4.3 RESULTS

4.3.1 EFFECTS OF T. TRIANGULARE ON THE ALPL

AND GLUTAMIC PYRUVATE TRANSAMINASE (ALANINE
AMINOTRANSFERASE-GPT) MRNA LEVELS IN THE LIVER OF
WISTAR RATS

As shown in Figure 4.1, CCl, injection produced a significant upregula-
tion of both 4lpl.and Gpt mRNA levels in rat liver compared with that
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FIGURE 4.1  Effects of Talinum triangulare on Alpl and Gpt mRNA expression in CCl -
induced liver injury in rats. Data (mean + SEM) are represented as fold changes of gene
expression relative to values from the control group (defined as 1) and representative of 3
independent experiments for RNA extraction. Groups not connected by the same letter are
significantly (P<0.05) different.

in the control group (P < 0.05), reflecting the tissue damage in the liver.
Administration of extracts of 7. triangulare (@ 200, 400, and 600 mg/
kg) reversed this elevation to normal. This hepatoprotective effects of
T. triangulare was dose dependent, and high doses (400 and 600 mg/
kg) exerted statistically significant effects comparable to the normal
controls.

4.3.2 EFFECTS OF T. TRIANGULARE ON HEPATIC
ANTIOXIDANT EXPRESSION PROFILEIN CCL -INDUCED LIVER
INJURY IN WISTAR RATS

Figure 4.2 indicates that CCl, treatment significantly decreased the mRNA
levels of Sod1, Hmox-1, Cat, and Gpx1 compared to normal control rats,
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thus indicating stronger oxidative stress and lipid peroxidation in rat liver
tissues.

Concurrent treatment with 200 mg/kg 7. triangulare did not protect the
livers from oxidative stress. The 400 mg/kg dose of T. triangulare signifi-
cantly (P < 0.05) prevented antioxidant gene down-regulation produced
by CCl, induction. The highest dose of 600 mg/kg inhibited the oxidative
stress effects of CCIl, on antioxidant mRNA expression. At this dose, 7.
triangulare significantly upregulated the mRNA expression profiles of all
genes examined even in the presence of CCl,.

4.4 DISCUSSION

This study was designed to investigate the molecular mechanisms under-
lying the widely reported antioxidant/hepatoprotective effects of the
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FIGURE 4.2 Effects of Talinum triangulare on Sodl, Hmox-1, Cat, and Gpx] mRNA
expression in CCl,-induced liver injury in rats. Data (mean = SEM) are represented as fold
changes of gene expression relative to values from the control group (defined as 1) and
representative of 3 independent experiments for RNA extraction. Groups not connected by
the same letter are significantly (P<0.05) different.
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extract of 7. triangulare by studying the expression profile of key antioxi-
dant genes Sodl, Hmox-1, Cat, and Gpx1I as well as the gene expression
profile of two important hepatic marker proteins. The higher doses of T.
triangulare significantly upregulated the mRNA expression of all anti-
oxidant genes investigated. This mRNA upregulation provides an insight
into molecular mechanisms involved in the increased levels of antiox-
idant proteins in similar experimental models as reported by Liang et
al. [21], who showed improved antioxidant Sod-1 and glutathione (Gsh)
enzyme levels as a result of 7. triangulare treatment of CCl, -induced
liver injury in mice.

The research study by authors of this chapter supports the molecular
explanation for the increased enzyme levels, namely the upregulation of
mRNA. The Sod-1 gene encodes the superoxide dismutase enzyme, which
binds copper and zinc ions to destroy toxic, charged oxygen molecules
also known as free superoxide radicals and converts them to molecular
oxygen and hydrogen peroxide [5, 23, 24]. The Hmox-1 gene encodes the
rate-limiting enzyme that degrades heme into biliverdin and is a power-
ful antioxidant enzyme [17, 31]. The Cat gene encodes catalase, which
catalyzes the degradation of hydrogen peroxide (a deleterious byproduct
of normal metabolism) to water and oxygen. It is a very potent antioxidant
thus protecting cells from oxidative damage by reactive oxygen species
(ROS) [8, 12]. Another important antioxidant gene is glutathione peroxi-
dase, which encodes the Gpx! enzyme involved in the detoxification of
hydrogen peroxide [7, 10, 20].

CCl,-induced hepatotoxicity is one of the most commonly used experi-
mental models in screening drugs/agents for their hepatoprotective activity
[18,21]. CCl, is degraded by cytochrome P450 2E1 enzymes to trichloro-
methyl (+CCl,) and proxy trichloromethyl (*OOCCL,) radicals that bind to
macromolecules and produce peroxidative cellular membrane damage and
hepatic cell death [26]. Hepatic injury is usually assessed by examining
serum or tissue levels of hepatic marker genes/enzymes such as ALP and
ALT. Previous studies [1, 3, 21] have shown that 7. triangulare demon-
strated hepatoprotective activities by significantly lowering serum/tissue
levels of hepatic marker enzymes such as AST, GGT, ALP, ALT, and AST.
The abundance of these proteins in hepatocytes makes them leak into
extracellular and intravascular compartments_because of hepatocellular
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degradation [19, 21]. The ALP gene encodes the ALP enzyme that is found
in many cells including those lining the biliary ducts of the liver. ALP lev-
els in plasma increase as a result of hepatocellular degradation [9]. GPT
levels are also commonly clinically measured as a diagnostic evaluation
of liver injury [13, 30].

4.5 CONCLUSIONS

The study was designed to evaluate the expression profile of key hepatic
antioxidant and marker genes in Wistar rats fed with Talinum triangulare
aqueous extract (TTAE) in a CCl, model of hepatic injury.

Twenty-five healthy male Wistar rats were randomly divided into five
groups of five rats each. Group A served as control. Group B received
distilled water orally and carbon tetrachloride (CCl,) (0.5 mL/kg of b.w.,
20% CCl4/olive oil i.p) once daily. Group C received 77TAE 200 mg/kg,
orally and 0.5 mL/kg of b.w., 20% CCl4/olive oil i.p concurrently. Group
D received 400 mg/kg TTAE orally and 0.5 mL/kg of b.w., 20% CCl4/
olive oil i.p concurrently. Group E received 600 mg/kg TTAE orally and
0.5 mL/kg of b.w., 20% CCl4/olive oil i.p concurrently. All administra-
tions lasted for 7 days. The animals were sacrificed after 24 h, and RNA
was isolated from formalin-fixed/paraffin-embedded liver tissues. Total
RNA was reverse transcribed, and cDNA was amplified by real time quan-
titative PCR for the expression levels of antioxidant genes: superoxide dis-
mutase 1 (Sodl), heme oxygenase (decycling) 1 (Hmox-1), catalase (Cat),
glutathione peroxidase 1 (GpxI), and the hepatic marker genes alkaline
phosphatase (4/p/) and glutamic pyruvate transaminase (alanine amino-
transferase) (Gpt).

A dose of 400-600 mg/kg of TTAE was the most effective in signifi-
cantly (P<0.05) increasing hepatic antioxidant gene expression, while sig-
nificantly (P<0.05) decreasing the mRNA levels of Alp/ and Gpt markers
of hepatic injury. The antioxidant/hepatoprotective effects of 7. triangu-
lare were dose-dependent and are a result of its actions on the expression
profile of key hepatic markers and antioxidant genes.
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4.6 SUMMARY

In this chapter, it was shown that CCI, led to the increased expression of
Alpl and Gpt mRNA levels in the liver tissue, while decreasing the expres-
sion levels of the antioxidant genes Sodl, Hmox-1, Cat, and GpxI all of
which are indicative of hepatocellular injury. Concurrent treatment with
T triangulare significantly reversed these trends and downregulated the
mRNA expression levels of Alp/ and Gpt, indicating that the in vivo antiox-
idant hepatoprotective abilities of 7. triangulare is as a result of its actions
on the expression profile of key hepatic markers and antioxidant genes.
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5.1 INTRODUCTION

Socio-economic and health-related issues, including climate change and
premature death associated with life-style degenerative diseases, have
recently become a state of urgency. Erratic rainfall, attributed to climate
change, is a threat to food security [27]. Bambara groundnut (Vigna sub-
terranea (L.) Verdc) (BGN) is one of the drought-tolerating crops, and it
is envisaged to be the food of the future.

Food intake, absorption, assimilation, biosynthesis, catabolism, and
excretion are taken into consideration in nutrition. The phenolic phyto-
chemicals present in BGN, with regard to nutrition in relation to heath,
inflammation, and oxidative stress, need more attention. These interac-
tions can either be one of the following four possibilities:

* Nutraceutical by providing health and medical benefits;

 Therapeutic for treatment of diseases;

* Medicinal by possessing similar properties as conventional pharma-
ceutical drugs; and

* Pharmacological by containing a natural moleculethat exerts a bio-
logical effect on the cell, tissue, and organs. In this review, the thera-
peutic potentials of BGN and other legumes are of interest.

By definition, therapy is a consequence of medical treatment of any
kind, the results of which are judged to be desirable and beneficial for the
treatment of a disease. In this regard, ethnobotany knowledge has shown
the healing or curative effects of BGN. Recent studies on BGN have
shown potential of securing food security owing to its drought resistance,
and more studies are being conducted to determine the potentials of BGN.
However, its economic status is still undermined; hence, it is a neglected
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and underutilized crop. Scientifically proven, the therapeutic potential of
BGN and other legumes is envisaged to strengthen their economic status
and break new grounds for alternatives to synthetic drugs for the manage-
ment of lifestyle-related degenerative diseases including inflammation and
oxidative stress.

Inflammation and oxidative stress have been implicated in the pathogen-
esis of a number of degenerative diseases including autoimmune diseases,
metabolic syndrome, neurodegenerative diseases, cancers, and cardiovas-
cular diseases (CVDs), which cause premature death of 16 million people
every year as reported by World Health Organization (WHO) [96]. Acute
inflammation is a part of a regulated defense system [56] against invad-
ing pathogens or injury [4]. Conversely, the nonregulated form accelerates
chronic inflammation [56], which is responsible for pathogenesis of most
degenerative diseases. Compelling evidence has demonstrated the con-
nection between inflammation and oxidative stress [17] and their role in
pathogenicity of many unrelated diseases as depicted in Figure 5.1, which
is a representation of the possible relationship amongst nutrition (antioxi-
dants), inflammation, and oxidative stress. Oxidative stress is due to an
imbalance between the systemic manifestation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) and the biological system’s
ability to readily detoxify the reactive intermediates or to repair the result-
ing damage. Overgeneration of RONs results in oxidative stress, which is
a deleterious process that can lead to damage of important cell structures,
including carbohydrates, lipids and membranes, and protein and deoxyri-
bonucleic acid (DNA); thus, its association with cellular injury has been
seen in many pathological conditions.

An antioxidant-rich diet has been suggested to address chronic inflam-
mation and oxidative stress by providing redox active compounds that can
neutralize free radicals and by enhancing gene expression of the endog-
enous antioxidants [62].

Neglected and underutilized species (NUS) such as BGN, being rich in
antioxidant, is attributed to have the potential of treating diseases linked to
inflammation and oxidative stress-related diseases. Based on indigenous
knowledge, BGN have been used for medicinal purposes including treat-
ment of inflammation. However, no scientific evidence has been docu-
mented to substantiate these therapeutic claims on BGN., Novel products
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FIGURE 5.1 Relationship among nutrition, inflammation, and oxidative stress.

including milk and probiotic beverage have been developed from BGN
with evidence of some antioxidant activity [57].

Therefore, the antioxidant efficacy of BGN seeds, milk, and the pro-
biotic beverage and other legumes for modulatory effect on inflammation
and oxidative stress will be highlighted in the review in this chapter. Sci-
entifically and clinically, unlocking the value of BGN is gaining a high
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emphasis currently. Subsequently, outputs from this review will impact
the stakeholders, health scientists, nutritionists, dieticians, pharmacolo-
gists, public health scientists, state agricultural departments, food man-
ufacturers and processors, policymakers, and marketing and economic
strategists, thus positively affecting the economic and healthcare status of
BGN, which is regarded as the poor man’s food or women'’s crop, thereby
contributing to food security and helping to alleviate nutritional problems.

5.2 SEEDS AND VALUE-ADDED PRODUCTS OF BAMBARA
GROUNDNUT

BGN, an indigenous African legume, which is well adapted to poor soil
and dry climates, has been cultivated in Africa for years. It is grown in
the African continent from Senegal to Kenya, and from the Sahara to
South Africa and Madagascar [88]. Outside of Africa, BGN is cultivated
in Brazil (where it is known as mandubid Angola), West Java, and south-
ern Thailand. The BGN is also cultivated in other tropical locations such
as Middle East, Syria, and Greece. Small-scale cultivation trials of BGN
have been successful in Florida, United States [64].

BGN is known in South Africa as jugoboon in Afrikaans; jugo in
Xhosa; indlubu in Zulu/Ndebele; nduhu in Venda; ditloo in Sesuthu; nyimo
in Shona (Zimbabwe); and okpaotuanya in Nigeria. Figure 5.2 illustrates
an uprooted BGN plant with a compact well-developed tap root with many
short (up to 20 cm long) lateral stems on which leaves are borne, the red
seeds, and milk from seeds [50].

BGN is a highly nutritious plant that plays a crucial role in local diets
[35]. Apart from nutritional benefits, BGN is important for its therapeu-
tic properties. However, vigorous elucidation and scientific investigations
on medicinal claims are needed. BGN has higher content of the essential
amino acid methionine than other legumes. Therefore, it has the poten-
tial to reduce malnutrition in many parts of Africa. Despite the growing
importance of BGN, the use of Bambara in South Africa has been limited.
BGN can be explored as a good source of fiber, calcium, iron, potassium,
and methionine and for value-added products (such as BGN milk). The
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FIGURE 5.2 Bambara groundnut (Vigna subterranea) plant with a tap root (top left); red
seeds (top right), and value-added product such as milk (bottom).

probiotic beverage from BGN has potential to promote its consumption,
production, and processing.

Value-added products are commodities that are processed in a way
such that it changes its physical state or form to a high-quality end product,
in order to meet the taste/preferences of consumers. Value-added products
can open new markets and enhance the public appreciation of underuti-
lized legumes. BGN is an underutilized legume, which has a potential for
its therapeutic benefits associated with its consumption and scientifically
proven nutritional value. Despite the therapeutic benefits and high pro-
tein content of BGN, its processing has been limited to boiling and roast-
ing, thus discouraging its production and consumption due to complicated
cooking phenomena.

BGN milk is a “vegetable milk” produced by hydrating BGN flour
according to Murevanhema and Jideani [58]. This milk contains all ben-
eficial phytochemicals as those in the seeds, especially the pigments on
hulls, which include phenolics and flavonoids. The opaque appearance of
the milk is due to its chemical composition, pigment components, certain
minerals, and content jof suspended particles such as protein. BGN milk



Review on Potential of Seeds and Value-Added Products 107

produced from the red seeds has a pronounced chocolate brown color due
to the pigment components, which are present in the seed coat and can eas-
ily leach into the aqueous phase during the hydration step impacting the
characteristic testa color of the milk. Starch gelatinization during the heat
processing step produces rich appearance of the milk.

BGN probiotic beverage acceptable to consumer has been produced
[59]. The probiotics affect pH, appearance, and viscosity of the BGN milk
through their growth and metabolism. Taste, appearance, and color were
important parameters that were considered by the panelists in their prefer-
ence. Preference for BGN probiotic beverage was high among the >40 age
groups, demonstrating the potential of BGN milk, when more sucrose is
added and commercialized. Fermenting BGN has been reported by Ademi-
luyi and Oboh [2], who indicated that it improves the nutritional quality
and enhances the antioxidant properties, by increasing the polyphenolic
constituents. Similar observations were made by Murevanhema [57], who
reported on antioxidative activity exhibited by BGN probiotic beverage.

Research reports in literature concur that BGN has a number of poten-
tials, including drought resistance and as functional, therapeutic, and com-
plete food [7, 13, 17, 21, 46, 57, 58]. The list of benefits is still growing
with the recent interest in BGN as highlighted by Jideani [36] in the Jour-
nal of Institute of Food Technologists and studies on BGN addressing food
insecurity [33]. However, scientific evidence confirming the antioxidant,
anti-inflammatory, and antioxidative stress potentials of BGN seeds/milk/
probiotic beverage and other legumes is necessary to substantiate ethno-
botanical medical claims obtained from indigenous knowledge on BGN.

5.3 TRADITIONAL THERAPEUTIC USES OF BGN

Ethnobotany refers to the scientific study of the relationship that exist
between people and plants. Ethnobotanical data obtained from local com-
munities has brought attention to the therapeutic effects of BGN exhib-
ited in tradition medicine therapies. In Burkina Faso, the seeds are used
to treat a number of human diseases. The Igbo tribe in Nigeria uses the
seeds to treat venereal diseases, while the Luo tribe from Kenya uses them
for treating diarrhea. Treatment of polymenorrhea, internal bruising, and
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speedy effects on the resorption of hematomas by BGN has been docu-
mented. The cream-colored testa is used in weaning formulae owing to the
low condensed tannin content [42].

Owing to its high concentration of soluble fiber [21], BGN is expected
to reduce the incidence of heart disease and prevent colon cancer. The black
seeds are recognized for the treatment of impotence in Botswana. Nausea
and vomiting are believed to be stopped when one chews and swallows
immature fresh seeds. A similar remedy is used to treat morning sickness
in pregnant women. Ethnopharmacological data of BGN reported by Brink
et al. [13] included anti-inflammatory and healing of infectious wounds.
Rural people of Cot d’Ivoire use seeds to treat anemia, hence its application
helps peripartum women within one month of delivery. Further treatment
applications include use as a hemostatic drink for the treatment of men-
orrhea and rectal bleeding,and treatment of gonorrhea and ulcers. BGN-
containing phenolic compounds are heat labile, and they leach into the
water during the boiling process, which may explain the medicinal effects
observed after one drinks the cooked water as reported by Koneet al. [42].

Prasad and Kumar [75] reported on the ethnobotanical potential of 28
medicinal legumes, and they concluded that there is still a dependence on
indigenous knowledge for healthcare in Western Ghats in India. The 28
medicinal legumes can cure asthma, dental disorder, diabetes, etc. BGN
being a legume is reputed to possess similar medicinal potentials; and this
could be a rewarding area of therapeutic research. Plants have the potential
for the discovery of new drugs due to easy access and relatively low cost.

Etuk et al. [22] validated 29 plants to be potent medicinal plants. The
bark of the willow tree (Spiraeaulmaria, Salix species) was traditionally
used in number of cultures for the treatment of inflammation, and fever.
Aspirin is used in the treatment of inflammation-associated diseases.
Using modern technologies, aspirin was extracted as salicylic acid from a
willow tree [78]. Nonetheless, misuse of the wrong species of medicinal
plant — incorrect dosage and use of products contaminated with potential
hazardous substances such as toxic metals and pathogenic microorgan-
isms — cannot be understated. Reports of severe kidney failure while tak-
ing herbal preparations containing aristolochic acid have been reported
[78]. Furthermore, it is invaluable to investigate the efficacy of plants with
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medicinal properties to identify active components and to advocate for the
ban of poisonous plants and contaminants.

Other plant-based foods have been reported to have strong epidemio-
logical link to reduce the occurrence of CVDs, neurodegenerative diseases,
certain types of cancers, chronic inflammation, and oxidative stress-related
complications [4, 38, 90]. Phenolic phytochemicals have been attributed
to medicinal and therapeutic effects observed in legumes. Multifunctional-
ity of antioxidants in BGN is anticipated to work in synergistic interaction;
thus, the different antioxidants with complementary mechanism of action
are hypothesized to be invaluable in the defense system. There is a need to
understand how the bioactive compounds modify a multitude of processes
related to the defense system/mechanism.

5.4 NUTRITIONAL LINK TO THERAPEUTIC EFFECTS

Hippocrates (460-370 BC) said “let food be your medicine and medicine
your food.” This statement is true today than ever based on recent food
trends. Currently, there is a great interest in phytochemical research due
to possibility of improved public health through diet, where preventa-
tive health can be promoted through the consumption of legumes such as
BGN. However, synthetic drugs have been the mainstay for the treatment
of degenerative diseases, regardless of their known side effects. Recio et
al. [78] and Safavi et al. [80] summarized the effects associated with pro-
longed use of ant-inflammatory steroids, such as:

* suppressing steroid biogenesis in the adrenal cortex;

* hyperglycemia and diabetic complications (aggravation of ulcers,
diminished resistance to infections); and

 gradual development of osteoporosis, joint destruction, skin atrophy,
impaired wound healing, excessive hair growth, fat redistribution,
accelerated atherosclerosis, and hypertension.

Consequently, paving way for alternative therapies is most important
to identify plant substances that are capable of treating and managing
degenerative diseases in a way that is homeostatic, modulatory, efficient,
and well tolerated by the body [78]. Several authors [1, 18, 24, 52, 82, 8§9]
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have mentioned that antioxidants have the potential to retard and prevent
oxidative stress injury to vital body organs. The search for plant antioxi-
dants has been accelerated by the misuse of antibiotics and chemothera-
peutic agents, leading to drug resistance and side effects.

In the early 1960s, phenolic compounds were considered to be meta-
bolic waste stored in plant vacuoles; however, these studies have been
challenged by most recent studies. Bhattacharya [9] contends that pheno-
lic compounds perform diverse physiological functions in the plant such
as providing color for the leaves; flowers; fruit; possess antimicrobial and
antifungal properties; protection against UV damage; chelation of toxic
heavy metals; protection from free radicals generated during the photo-
synthetic process attract or repeal other organisms. However, a more pro-
found symbiotic relationship between plants and humans has developed
whereby the plants have become a dietary staple for humans. In this pro-
cess, humans have benefited from the phenolic compounds furnished by
plant both nutritionally and therapeutically. As a result of the innate ability
of plants to synthesize nonenzymatic antioxidants, antioxidative activity
has been exhibited by most plants. Upon ingestion, phenolic compounds
are extensively degraded to their various simpler forms, some of which
still possess their radical scavenging ability.

A number of studies have offered credible evidence showing that the
products of plant origin have the capacity to prevent and treat diseases
such as decreasing blood glucose level; weight reduction; anticarcino-
genic; anti-inflammatory; antimicrobial; estrogenic activities; antiaging,
and antithrombotic activity in humans and animals [8, 67, 71]. These
biological activities are explained by their electron donation, reduction
power, and metal chelating capabilities, and their enormous structural
variability [85].

Plants are source of bioactive compounds and secondary metabolites,
including alkaloids, phenolics, tannins, flavonoids, steroids and terper-
noids, which have shown to possess important toxicological, pharmaco-
logical, and ecological benefits [26, 34, 69]. The secondary metabolites
in plants have been shown to reduce risk of chronic diseases and condi-
tions, including inflammation and oxidative stress [1, 4, 5, 6, 89]. Bernal
et al. [8] acknowledges that although these metabolites have low potency
as bioactive compounds, if they are ingested regularly and in significant
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amounts as part of a diet, noticeable long-term physiological effects can
be expected.

There is compelling evidence that the oxidation reaction of free radi-
cals contributes to many health problems. Free radicals are highly reactive
and unstable atoms. Due to the uncoupled electrons on the free radicals,
they tend to be highly reactive with other molecules in the biological sys-
tems. Deleterious effects of free radicals are quickly observed on protein,
lipid, DNA, and RNA, owing to their molecular size. Protein side chains
and double bonds on unsaturated fatty acids are easily attacked by ROS.
However, phenolic compounds supplemented diet may display an in vivo
antioxidant activity, which is evident by the increase in the plasma antioxi-
dant status [71]. In agreement with Pietta [71], extensive work has shown
that the establishment of number of degenerative diseases is attenuated
by polyphenols, owing to their role as antioxidants and modulators of cell
signaling [25, 26, 39]. An adequate antioxidant status in the body can be
maintained through intracellular antioxidant enzymes and dietary intake
of antioxidants [45]. Thus, in theory, a patient should experience health
benefits from consuming BGN milk and probiotic beverage.

BGN has the potential of improving the quality of nutrition and conse-
quently improving the health of many rural and low income communities.
Kanatt et al. [38] concur that legumes are natural source of bioactive phe-
nolic compounds, with a wide range of antioxidative activity and promis-
ing health benefits. Therefore, the phenolic phytochemistry of BGN and
other legumes needs to be investigated in detail so as to understand the
biochemical basis of the medicinal effects in ethnobotany reports.

5.5 PHENOLIC PHYTOCHEMICAL STRUCTURE

Phytochemistry is the study of secondary metabolites of plants. Pheno-
lic compounds, recognized for their antioxidant capacity, are secondary
metabolites that are widely found in the plant, fungi, and bacteria king-
doms. Phenolic compounds comprise an extensive range of molecules,
with more than 8000 compounds under study. There are numerous classes
of phenolic compounds that have not yet been fully explored. Figure 5.3
depicts five classes of phenolic compounds: phenolic acids, flavonoids,
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FIGURE 5.3 Classification of phenolic phytochemicals.

lignin, stilbenes, and tannins. The number of phenol rings determines the
type of class. Phenolic compounds have a polyphenol structure consist-
ing of several hydroxyl groups on aromatic rings [8, 32]. The amount of
rings determines their antioxidative capacity. Phlorotannins have up to
eight interconnected rings; therefore, they are more potent free radical
scavengers than other types such as catechins, which have three to four
rings.

Flavonoids have been reported to possess a stronger antioxidative
capacity than nonflavonoids and bound forms of phenolic compounds,
e.g., glycosides [2]. Flavonoids can act as reducing agents, hydrogen
donors, metal chelators, and singlet oxygen quenchers due to their high
redox potential. Flavonoids have been linked with reduction in the inci-
dence of diseases such as cancer and heart diseases. Because preventive
healthcare can be endorsed through diet, there is a scope for flavonoid
research.
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Bernal et al. [8] reported that the differences among bioactive and the
other without noticeable bioactive phenolics are due to their metabolic
origin. Remarkably, bioactive phenolic compounds are derived from two
biosynthetic routes: shikimic acid and/or polyacetate pathways [8]. Inves-
tigation of phytochemicals produced from these pathways gave outstand-
ing results in both in vitro and in vivo assays [40]. Thus, the occurrence of
phenolic phytochemicals in plants is very variable. Consequently, highly
sensitive equipment has to be used to identify the phenolic phytochemi-
cals in BGN seeds, milk, and probiotic beverage. Bravo [12] acknowl-
edged that the occurrence of phenolic phytochemicals as a mixture of
phenolic compounds, which poses challenges in the study of their bio-
availability, physiologic and nutritional effects. Furthermore, their analy-
sis is a challenging task when compared to other pharmaceutical drugs
[85]. The work revealed that phenolic acids are present in both free and
bound forms, resulting in varying suitability to different extraction con-
ditions. Hence, appropriate methods of extraction should be employed
to effectively characterize phenolic phytochemicals in legumes. Further-
more, knowledge of the structure of the phenolic compounds may be cru-
cial for understanding the mode of action in both in vitro and in vivo
defense assessments.

5.6 PHENOLIC PHYTOCHEMICALS IN BGN

Antioxidants are redox active compounds that delay or prevent oxidative
damage in a target molecule [28] by reacting nonenzymatically with a
reactive oxidant (Figure 5.4). Lu et al. [45] acknowledges the neutraliza-
tion of free radicals by accepting electrons from an antioxidant. Identify-
ing and characterizing the antioxidants in BGN seeds, milk, and probiotic
beverage will aid in the understanding and establishment of their role to
attenuate inflammation and oxidative stress, and to consolidate the tradi-
tional therapeutic claims on BGN. Pioneers in BGN phenolic phytochem-
istry have already laid initial foundation with regard to antioxidant activity

Using a combination of column chromatography and preparative thin
layer chromatography, Pale et al. [68] investigated the anthocyanin pres-
ent in BGN. They detected five pigments consisting of three anthocyanins:
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FIGURE 5.4 Reduction of a free radical by an antioxidant.

delphinidin 3-O-B glucoside; petunidin 3-O-B-glucoside; and malvidin
3-O-B-glucoside.

Anthocyanins are water-soluble phenolic compounds from the fla-
vonoid class. These pigments are renowned for both pharmacological
properties and strong biological functions such as anti-inflammatory and
antioxidants activities. Their solubility in water may explain why thera-
peutic effects are observed when someone with hematomas drinks BGN
flour dispersed in water. Nonetheless, further investigation on the presence
of these pigments in BGN milk and probiotic beverage is needed to under-
stand if they play any role in the attenuation of inflammation and oxidative
stress. Reports on the anti-inflammatory activity of anthocyanin have been
documented [78], further supporting the therapeutic reports on BGN and
other legumes. Furthermore, the use of dark-colored seeds of BGN for
producing milk and probiotic beverage can be explored.

Using a reverse-phase HPLC, Kaufman et al. [41] surveyed 80 different
taxa of legumes for the anticancer metabolites genistein and daidzen and
confirmed their presence by mass spectrometry. The results indicated that
a number of legumes are excellent source of isoflavones, genistein, and
daidzein. Many Vigna species from the study had these two isoflavones,
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genistein and daidzein. BGN seeds being Vigna species, its products, milk,
and probiotic beverage are expected to contain genistein and daidzein that
could explain the therapeutic effects according to indigenous data. The
study by Kaufman et al. [41] mentioned that the isoflavones in question
have an estrogenic effect, implying that they could cause some serious
effects in women of childbearing age. However, this might not hold true
considering that the ingested quantities are very minute. Moreover, the
compounds are excreted from the body after a certain period of time.
Detailed investigations are needed on the nutritional effects of main group
of polyphenolic compounds, including their metabolism, effects on nutri-
ent bioavailability, and antioxidant activities.

Onyilagha et al. [66] offers a convincing report after studying eleven
species of Vigna for canavanine, proanthocyanidin, and flavonoids pro-
files, indicating that the prevalent flavonoid seems to be kaempferol among
the Vigna species. However, kaempferol-3-O-glucoside-7-rhamnoside is
restricted to BGN, thus questioning its relationship with other members of
Vigna. As a polyphenol antioxidant, kaempferol has great health benefits
and reduces the risk of cancer [19]. According to Calderén-Montafio et
al. [16], kaempferol has been isolated in many plants commonly used in
traditional medicine. This further confirms the therapeutic benefits asso-
ciated with BGN. In addition, they reported on the positive association
between the consumption of kaempferol-rich foods and the reduction of
development of several disorders including cancer and CVDs. While pre-
clinical studies have shown its anti-inflammatory capabilities, the antioxi-
dative capacity of kaempferol has been recorded in both in vitro and in
Vivo assays.

Ademiluyi and Oboh [2] stated that fermented BGN predominantly
contains carvocol, p-coumaric acid, vanillic acid, p-hydroxybenzoic acid,
caffeic acid, ferulic acid, genistein, apigenin, shagaol, glycitein, kaemp-
ferol, luteolin, capsaicin, isorhamnetin, myriteina, and rosmarinic acid.
However, it will be of interest to identify phenolic compounds in lactic
acid bacteria (LAB) for fermented BGN milk. The metabolism of the LAB
in milk is envisaged to have an effect on the predominant phenolic com-
pounds in the BGN probiotic beverage.

Marathe et al. [47] observed variation in phenolic content in legumes
that is attributed to genetic factors, degree of maturation, and environmental
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condition. Consequently, it is assumed that by using one variant of BGN,
phenolic content variation would be minimized, thereby standardizing the
modulatory efficacy of the BGN milk and probiotic beverage. Murevan-
hema and Jideani [ 58] documented similar findings to that of Marathe et al.
[47] and Nyau [65]. All these studies highlighted the correlation between
seed color and antioxidant activity and/or total phenolic content. The
lighter seed hulls exhibited lower antioxidant activity and/or total phenolic
content. Therefore, the milk and probiotic beverage produced from the red
variant of BGN would be most appropriate for further studies. Seed size
was reported by Marathe et al. [47] to influence the total phenolic content
and the antioxidant activity.

Nyau [65] explored the phenolic profile of BGN using a high per-
formance liquid chromatography—photo diode array—electron spray ion-
ization—mass spectrometry (HPLC-PDA-ESI-MS). Phenolic acids and
flavonoids were most prevalent in the BGN. Flavonoids have been asso-
ciated with anti-inflammatory potential [4]. Due to many phenolic com-
pounds in plants, sensitive equipment for their precise determination is
needed. Mass spectrometry (MS) is sensitive and highly specific, and cou-
pling it with chromatographic techniques is desirable [74]. MS converts
analyte molecules to an ionized state and the analysis is based on the mass
to charge ratio. The electron spray ionization (ESI) is another ion source
capable of interfacing to liquid chromatography (LC). However, a softer
ionization than MS is most suitable for polar molecules, thus making it
ideal for the analysis of plant secondary metabolites.

Polyphenol content in the BGN seeds has been found to be 872.35
mg/100 g [51]. Soaking and cooking the seeds reduced the phenolic con-
tent to 647.67 mg/100 g and 413.79 mg/100 g, respectively. The authors
attributed this decrease to leaching of polyphenols into the soaking water
and possible interaction with proteins during cooking. Therefore, deter-
mining the phenolic content of seed, milk, and probiotic beverage and
other legume products will give an insight into the effect of processing
on the products. Furthermore, this can explain any discrepancies in the
attenuation of inflammation and oxidative stress by raw seeds and value-
added products.

Ujowundu et al. [90] reported the presence of phytochemical com-
ponents (such as alkaloids, flavonoids), cyanogenic glycoside, oxalate,
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tannins, saponins, and phytate in BGN. These compounds have been pre-
viously shown to have health benefits. In this study, phytochemical values
of BGN after gas flaring showed that oxalate was (0.38 + 0.04%), saponin
(0.24 +£ 0.02%), vitamin E (3.18 £ 0.15 mg/ 100 g), vitamin C (1.17 = 0.20
mg/100 g), vitamin A (26.05 £ 0.14mg/100 g), and niacin (2.10 £ 0.06
mg/100 g) [90]. Gas flaring significantly increased the concentrations of
oxalate, saponin, alkaloids, and flavonoids; however, the vitamins were
significantly reduced. Environmental factors may have an effect on nutri-
ents and phytochemicals furnished by BGN, which may lead to impaired
functions and metabolic processes. Therefore, obtaining germ plasma
from a gene bank for analysis can limit the discrepancies brought about
by the environmental factors; hence, one can draw conclusive results on
the potential of BGN and other legumes on attenuating inflammation and
oxidative stress.

It has been reported that the seed hulls usually contain higher amounts
of phenolic compounds [47, 84], notably tannins and saponins that are
antinutrient [43]. Thus, these impair the bioavailability of proteins. How-
ever, more recent studies contend that these compounds are invaluable
exogenous antioxidants acting as reducing agents, metal chelators, and
singlet oxygen quenchers. Consequently, they are capable of inhibiting
oxidative stress damage. Tannins have been reported to promote wound
healing and inflamed mucous membrane, conferring chemo-protective
benefits. Infection and microbial inversion have been controlled by sapo-
nins, which are considered to be natural antibiotics. However, the process-
ing of BGN milk and probiotic beverage and other legumes may have an
effect on their amounts in the final product. Ujowundu et al. [90] reported
on the decrease in tannins and saponins after soaking and cooking, due to
leaching into the soaking and cooking water as well as possible complex
formation with other components.

5.7 BGN ANTIOXIDANT DEFENSE NETWORK

Extensive work has been done on biological activities of phenolic com-
pounds, including antiallergenic, antiviral, anti-inflammatory, and vaso-
dilation [4, 8, 71]. Attention has been devoted to the antioxidant activity
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of the phenolic compounds, with regard to their ability to reduce free
radical and to scavenge free radical [47], and their role in the pathway of
oxidative stress mechanism of pathogenesis. However, BGN antioxidant
defense network against inflammation and oxidative stress has not been
documented. Lu et al. [45] attributes this ability to the free radical scav-
enging activity of antioxidants. The antioxidant mode of action is in four
folds, namely:

* react with reactive radicals and destroy them;

* inhibit the expression of free radical-generating enzymes, e.g., nico-
tinamide adenine dinucleotide phosphate (NAD(P)H) oxidase and
xanthine oxidase;

» enhance the activities and expression of antioxidant enzymes like
superoxide dismutase (SOD); and

* catalyze (e.g., CAT) and prevent DNA damage, protein modification,
and lipid oxidation.

Govindappa [26] concurs that antioxidants inhibit or setback the oxida-
tion of other molecules by inhibiting the initiation and/or propagation of
the chain reactions. Their antioxidant capacity is attributed to their high
redox potential, owing to their configuration, phenolic rings, and total
number of hydroxyl groups [61] that allow them to act as reducing agents,
hydrogen donors, and singlet oxygen quenchers [32]. The antioxidants’
multifunctional potential is attributed to the phenolic compound molecular
skeleton, phenol ring, which acts while an electron is trapped to scav-
enge proxy, superoxide-anion, and hydroxyl radicals [95]. Therefore, it
is of interest to investigate the multifunctional potential of BGN seeds,
hulls, milk, and probiotic beverage and other legumes by using standard
methods.

5.8 ASSESSMENT OF ANTIOXIDANT CAPACITY IN VITRO AND
IN VIVO

The extraction of phenolic compounds is a very important step in their
isolation and identification and their use. The extractability of the phenolic
compounds is reported to be governed by the polarity of the solvent used;
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extraction time and temperature; degree of polymerization of phenolics,
and interaction with other food constituents. These factors should be taken
into consideration when determining the total phenolic content of the BGN
samples. Solvent extraction and extraction with supercritical fluid are com-
monly used techniques for the isolation of phenolic compounds [32]. Ethyl
acetate, methanol, ethanol, chloroform, diethyl ether, hot water, sodium
hydroxide, petroleum ether, acetone, and n-hexane were listed by Ignat et
al. [32] as the organic solvents to extract polyphenols. Temperature, lig-
uid-solid ratio, flow rate, and particle size influence the concentration of
the desired component in the extract. Organic solvents to be used for the
extraction of phenolic compounds should be chosen carefully. However,
the technical advantages of using supercritical fluid extraction make it a
better choice for the extraction of phenolic compounds from BGN. The use
of large amounts of toxic solvents is avoided; the methods are rapid, selec-
tive, and automatable [11]. Moreover, degradation that can occur while
using traditional extraction techniques is negligible due to the absence of
light and air during the extraction. Supercritical carbon dioxide is mainly
used because of its low toxicity, nonflammability, low cost, readily sepa-
rable from solute, and compatibility with processed foods [32], making it
ideal for the BGN milk and probiotic beverage and other legumes.

Determination of phenolic compounds is equally important due to the
increasing demand for highly sensitive and selective analytical methods.
Spectrophotometric methods have been used in the quantification of plant
phenolics. Different principles are employed to determine the different
structural groups. The Folin-Ciocalteau assay is mainly used for the deter-
mination of total phenolic content due to its simplicity and low cost. The
spectrophotometry, however, only gives estimation and does not separate
or give quantitative measurements of individual components, thereby
making it slightly unfavorable [32]. Murevanhema [57] reported the total
phenolic content of BGN milk and probiotic beverage using spectrophoto-
metric assay. A preferred approach will be to use HPLC for the separation
and identification of the individual phenolic compounds.

HPLC is the most preferred equipment for separation and quantifica-
tion. HPLC can be coupled with different detectors such as diode array
detector (DAD), photo diode array (PDA), mass spectrometry (MS),
and UV depending on the phenolic compound of interest. Drawbacks in
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detection limit and sensitivity are the limitation of HPLC for analyzing
complex matrix. However, this can be overcome by initial pre-concen-
tration and purification of phenolic compounds from the complex matrix.
Adsorption-desorption have been used in the purification of phenolic com-
pounds, and the usage of highly efficient sorbents namely C18 and highly
cross-linked styrene-divinyl-benzene is very popular.

Determination of the phenolic compound structure can be effectively
achieved by using liquid chromatography-mass spectrometry (LC-MS)
[14]. High speed counter current chromatography (HSCCC), supercriti-
cal fluid chromatography (SFC), paper chromatography (PC), thin lig-
uid chromatography (TLC), gas chromatography (GC) [23], centrifugal
partition chromatography (CPC), capillary electrophoresis (CE) [20],
micellar-electrokinetic capillary chromatography (MECC) [25], and gel
permeation chromatography (GPC) [76] are some of the identification and
quantification methods that have been used for phenolic compounds. With
the growing interest in phenolic compounds, these can be ideal for the
identification and quantification of phenolic compounds in BGN seeds,
milk, and probiotic beverage and other legumes.

There are 19 documented in vitro methods for assessing the antioxi-
dant activities of plant samples. Figure 5.5 highlights some of the com-
mon methods. This review cannot cover all, but several illustrations will
serve. Free radical scavenging activity of 2,2-diphenyl-1-picrylhydrazyl
(DPPH); 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
ferric ion reducing antioxidant power (FRAP), estimation of metal ion
(Fe*"), and chelating activity and oxygen radical absorbance capacity
(ORAC) assays are some of the commonly used assays. Furthermore, they
are grouped into two types: (a) Inhibition assays (e.g., ORAC and trolox
equivalent antioxidant capacity (TEAC)) in which antioxidants and sub-
strate compete for thermally generated peroxyl radicals and (2) Reduction
assays (e.g., FRAP, ABTS, and DPPH) of a colored oxidant.

Most of these assays have a similar principle, which involves the abil-
ity of a biological sample to scavenge the radical or to reduce the redox-
active compound that is monitored by a spectrophotometer. TEAC or
vitamin C equivalent antioxidant capacity (VCEAC) is the commonly
used standards to quantify antioxidant capacity. However, there are limita-
tions ascribed to each of these methods. Therefore, multiple strategies can
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FIGURE 5.5 In vitro antioxidant capacity assays: ORAC (oxygen radical absorbance
capacity); IOU (inhibited radical capacity); LPIC (lipid peroxidation inhibition capacity);
TRAP (trapping antioxidant power assay); FRAP (ferric ion reducing antioxidant power
assay); TPC (total phenolic content); ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid); and DPPH (2,2-diphenyl-1-picrylhydrazyl).

be adapted to confer antioxidant potential. Niki [62] summarized the fac-
tors that influence the actual free radical scavenging, such as: (1) Chemical
reactivity for free radicals and stoichiometric number; (2) Fate of antiox-
idant-derived radical; (3) Concentration and mobility at the environment;
and (4) Absorption, distribution, retention, and metabolism. Noteworthy
is the interaction between antioxidants that may result in synergistic anti-
oxidants, not additive.

In contrast, FRAP assays do not involve free radicals, but the reduction
of ferric iron to ferrous iron is monitored. Metal chelating is an important
mechanism of antioxidant activity. Ferrous ions have been noted to be
most potent pro-oxidants among various kinds of transition metals. Fe**
chelation is an essential antioxidative mechanism, which retards metal-
catalyzed oxidation and thus protects against oxidative damage. In the sys-
tem, Fe?* ions are expected to participate in HO™ generating Fenton type



122 Bioactive Compounds of Medicinal Plants

reactions [47]. Shortcomings of FRAP include its inability to detect other
small molecular weight thiols and sulfur-containing molecules like gallic.

Wang et al. [95] indicated ORAC to measure the peroxyl radical absorp-
tion capacity. It is regarded to be more biologically significant in extracts
with multiple constituents co-existing and where complex reactions are
involved. Therefore, it is envisaged that this assay will be most appropri-
ate for the BGN probiotic beverage and other legumes. Pinchuk et al. [72]
put forward three common problems associated with in vitro assays used
to rank antioxidant capacity and to draw conclusion on humans:

* attention on quenching on radicals in vitro is not conclusive,because
in vivo quenching of free radicals is only a fraction of the body net-
work and enzymes plays the central role;

* capacity and potency of an antioxidant exhibited in vitro by various
methods do not correlate with each other; and

* because in vitro assays are conducted in a solution or cell-free condi-
tions, the findings are therefore not relevant to predict what happens
in vivo, where a complex heterogeneous system exists.

These three observations are true. However, the second observation
can be explained by varying mode of actions and antioxidant activity
specific, retention, and biotransformation through enzymatic conjugation
[62]. Therefore, a preferred practice would be to confirm potency using
cell culture, animal models, and clinical trials on the attenuation of inflam-
mation and oxidative stress using BGN seeds, milk, and probiotic bever-
age and other legumes.

Antioxidant capacity can be easily measured using commercial kits.
There is also an added advantage of reproducible quantification despite
frozen state of samples. However, there are shortcomings wherein the
antioxidant activity in serum may not reflect that of cellular microdo-
mains that are important to the pathogenesis of CVD. The antioxidant’s
mode of action in vivo can be through reaction with reactive radicals thus
destroying them; or by inhibiting the expression of free radical-generating
enzymes, e.g., NAD(P)H oxidase and xanthine oxidase; or by enhancing
the activities and expression of antioxidant enzymes like SOD and CAT
and prevent DNA damage, protein modification, and lipid oxidation. Niki
[62] acknowledges that there are different types of antioxidants, which
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exhibit different functions in their role of defending the network in vivo.
Similar to in vitro assessments, different in vivo assays are to be employed
so as to draw irrefutable conclusions on the anti-inflammatory and antioxi-
dative stress potentials of BGN seeds, milk, and probiotic beverage and
other legumes.

Bioavailability of antioxidants is determined by their bioaccessibility,
which is the quantity or fraction that is released from the food matrix in the
gastrointestinal (GI) tract and becomes available for absorption. There-
fore, it should be taken into consideration when assessing antioxidant
capacity in vivo. For that reason, it is important to have an antioxidant
profile and chemical structure of the BGN seeds, milk, and probiotic bev-
erage. This will aid in understanding their biological and physiological
properties. The antioxidants have to be absorbed, transported, distributed,
and retained properly in the biological fluids, cells, and tissues for conclu-
sive capacity assessments and healthcare claims to be confirmed for BGN
seeds, milk, and probiotic beverage and other legumes. Simulated GI tract
model assessments can also be employed to study bioavailability and bio-
accessibility of phenolic compounds of BGN and other legumes.

Plasma, erythrocytes [6], urine [74], and cerebrospinal fluid [55] from
both animal and humans have been assessed for the effect of antioxidant
compounds. Studies have revealed some biomarkers that can be used reli-
ably for inflammation and oxidative stress assays. Antioxidants have been
used as oxidative biomarkers as depicted in Figure 5.6. Positive effects of
antioxidants and antioxidant-rich diets to reduce inflammation and oxida-
tive stress have been recorded [27, 48, 73]. However, the beneficial effects
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FIGURE 5.6 Antioxidants as biomarkers of oxidative stress.
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are difficult to observe in normal health subjects with sufficient amounts
of antioxidants.

FRAP and ORAC assays are commonly used to assess the total antiox-
idant capacity of biological samples. Free radical damage to a fluorescent
probe, e.g., fluorescein, is monitored in the ORAC assay; the damage is
caused by an oxidizing reagent resulting in a loss of fluorescent intensity
over time. Antioxidative capacity of a compound is then determined by
its correlation to the inhibition of oxidative damage [6]. The ability of a
sample to reduce Fe*" to Fe?" is measured in FRAP assays, while ascorbic
acid, uric acid, and a-tocopherols are monitored in the plasma. It is note-
worthy that there is no correlation between antioxidative capacity and its
reducing ability, owing to the varying antioxidant mode of action. Con-
versely, Kasote et al. [40] postulated on the relevance of plant antioxidants
to therapeutic applications. Their argument is that antioxidant potential
studies in vitro and in vivo are not always the same.

Physio-pharmacological process such as absorption, distribution,
metabolism storage, and excretion are accountable for the relatively less
therapeutic usefulness of antioxidants under in vivo conditions. Lu et al.
[45] stated that too many factors in cell systems can affect the results com-
pared to those obtained using cell-free systems. They further proposed that
while antioxidants may not work cellularly and physiologically, they can
work chemically.

As a result, direct extrapolation of in vitro findings to therapeutic use-
fulness can be viewed as a malpractice. Therefore, further investigation of
antioxidant potentials of BGN and other legumes and their food products
should be done in vitro and in vivo before conclusions can be drawn on
their anti-inflammatory activities.

5.9 AN ETIOLOGY OF INFLAMMATORY ACTIVITIES

Inflammation is the body’s non-specific response to tissue injury and/or
infection [48]. It is recognized as the second line of defense and is com-
monly referred to as acute inflammation. It involves a sequence of events
involving alteration of exudation of plasma proteins and leukocytes into
the injured tissue or surrounding area, causing swelling, redness, pain, heat,
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and perhaps loss of function [48, 61, 78]. All these actions are necessary
to deter the effects of injury or a dangerous agent in the body. Thus, it is a
protective mechanism and an important basic concept in pathophysiology.
Upon tissue injury, leukocytes accumulate resulting in an intensification
of the response. In order to resolve the inflammation response, termination
of pro-inflammatory signaling pathways and clearance of inflammatory
cells need to be done, thus restoring of normal tissue function [78]. Su
et al. [86] described cytokines as soluble factors generated by immune
cells that are renowned for playing roles in differentiate maturation and
activation of various cells. Their local microenvironment determines their
proinflammation or anti-inflammation effects.

Upon occurrence of inflammation, different types of cells are activated,
including monocytes, which locally differentiate into macrophages. Con-
sequently, there is an activation of pro and anti-inflammatory mediators
including cytokines such as tumor necrosis factor (TNF-a), interleukins
(IL-1B, IL-6, 1L-10), and chemokines (IL-8, monocyte chemoattractant
protein-1, macrophage).

5.10 PROGRESSION TO CHRONIC INFLAMMATION

It may lead to detrimental health effect [39, 78] when the immune sys-
tem is out of control for reasons such as autoimmune disorders, chronic
irritation such as smoking, ROS, certain bacterial infections, or long-
term abnormal immune response [91, 93] and/or when the cause of
inflammation is not totally removed from the system. Consequently, the
self-limiting process is unregulated resulting in excessive damage to
host. Infiltration of mononuclear immune cells, tissue destruction, and
attempts of healing will be observed in chronic inflammation; thus, the
stimulant will persist, resulting in continuous need of monocytes [56,
92] and pathogenesis. ROS cause cell injury because they are not readily
deactivated by antioxidants pathways, thus implying that they accumu-
late. ROS have been attributed to promote the production of proinflam-
matory cytokines [30].

Nuclear factor-kB (NF-kB) has been associated with the production
of IL-6, TNF-a, and CRP cytokines; hence, it plays a role in amplifying
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inflammatory responses [30]. IL-6 has been shown to be an important stim-
ulator from acute inflammation to chronic inflammation. Consequently, it
is a possible marker for indicating the severity of degenerative diseases
associated with inflammation. IL-6 functionality differs with its concen-
trations. It performs a protective role during the manifestation of certain
inflammation responses. When the control limit is exceeded, the IL-6 level
is relatively high, as a result of the activation of T cell differentiation and
the induction of acute phase proteins. Thus, it counteracts the manifesta-
tion of certain anti-inflammatory response.

Pro-inflammatory cytokines such as IL-1f, IL-6, and TNF-a, have been
recognized to be pivotal mediators in the inflammation process [44, 60].
Inducible enzymes (such as cyclooxygenase (COX)-2), include: vasoac-
tive amines (histamine); adhesion molecules; and selections. Lipid-derived
eicosanoids are activated during inflammation,and they play a critical role
in controlling the inflammation process [61, 78]. Some of these inflamma-
tory mediators have been reported to have a short half-life, which swiftly
curb the inflammation response as soon as the stimulus is removed.

Metukuri et al. [54] studied the testicular expression of apoptotic medi-
ators during acute inflammation by using a rat model. They reported that
the induction of acute stress in the testis leads to mitochondrial dysfunc-
tion and activation of apoptotic pathways, while affecting sperm count,
quality, and functionality.

5.11 BIOMARKERS OR INDICATORS OF INFLAMMATION

Biomarker is a characteristic that is objectively measured and evaluated as
an indicator of normal biological process, pathological process, or phar-
macological responses to a therapeutic intervention [55, 62, 87]. They are
used for health examinations, diagnosis of pathogenic process at an early
stage, prognosis, and individualization of therapy [87]. Moreover, bio-
markers can be used for precise quantification of the magnitude of inflam-
mation in in vivo models. Examples of inflammatory triggers, pathways,
and conditions modulated by dietary anti-inflammatory agents are shown
in Figure 5.7.
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FIGURE 5.7 Examples of inflammatory triggers, pathways, and conditions modulated by
dietary anti-inflammatory agents.

Cell adhesion molecules, pro-atherogenic molecules, and C-reactive
protein (CRP) are important biomarkers [10]. These cytokines can be pro-
duced by virtually every nucleated cell; hence, their function as regula-
tory peptides or glycoproteins. There are other 40 possible biomarkers
for inflammation; among them, IL-6, TNF-a, and CRP have been recog-
nized as the most significant with many activities. IL-6 stimulates the final
stages of B-cell maturation, causing B cells to differentiate into mature
immunoglobulin-secreting plasma cells, thus regulating the immune and
nervous systems. IL-6 is also involved in the metabolic control of the body
and liver generation. CRP is produced by the liver in response to IL-6.

Recent studies have also shown CRP’s involvement in the atheroscle-
rotic process via leukocyte activation. Elevated levels of CRP in plasma
is a cause for concern; hence, it is used as a biomarker. The lower level is
considered to be <1.0 mg/ L, the mean value is 1.0 to 3.0 mg/L, and the
highest level is >3.0 mg/ L.

The clinical study by Hermsdorff et al. [29] demonstrated the possibil-
ity of significant reduction in CRP due to consumption of legumes. Similar
activity is expected for BGN supplemented diets. However, total dietary
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fiber (soluble and insoluble), resistant starch, high magnesium, L-arginine,
and polyunsaturated fatty acids provided by legumes has an effect on bio-
markers of inflammation. Determining their presence and concentration
will be a better indication of the inhibition or anti-inflammatory potential
of the BGN and other legumes.

TNF-a production may be influenced by either the characteristic of local
and systemic or acute and chronic inflammation. Himmelfarb [30] hypoth-
esized that TNF-a may contribute to increased oxidative stress. Compel-
ling laboratory evidence has shown that the acceleration of atherosclerosis
and vulnerable plaques can be clinically linked to the overexpression of
TNF-a and MCP-1 [53]. Toll-like receptor 4 is a pathogen-associated
molecular-pattern recognizing molecule, which is reported to play a role
in the initiation and acceleration of inflammation [53].

According to the meta-analysis by Salehi-Abargouei et al. [81], detailed
extensive studies will be required to determine the effect of dose-response
of non-soy legume consumption on inflammation. The same recommenda-
tion can be drawn for BGN seeds, milk, and probiotic beverage.

5.12 MITIGATION OF PRO-INFLAMMATORY BIOMARKERS

Anti-inflammatory agents are substances that can treat and reduce inflam-
mation or swelling. There are two types of anti-inflammatory agents:
non-steroidal anti-inflammatory drugs (NSAIDs) and natural anti-inflam-
matory agents from medicinal plants. NSAIDs’ mechanism of alleviat-
ing pain is by neutralizing the cyclooxygenase (COX) isoenzyme. Lu et
al. [45] highlighted a similar mechanism of antioxidants, whereby these
inhibit the free radical-generating enzymes. Zia-Ul-Haq et al. [97] were
the first to report on the inhibition effect of a legume on COX-2. They
suggested that methanolic extracts of black gram (Vigna mungo L.),
green gram (Vigna radiate (L.) R. Witczek), soy bean (Glycine max (L.)
Merr), and lentil (Lens culinaris medic.) had an effect on COX-2, which is
responsible for PGE,. Being a Vigna species, BGN is expected to deter the
expression of COX-2. Furthermore, COX is accountable for inflammation
because it synthesizes prostaglandins. Prostaglandins are lipid autacoids
derived from arachidonic acid, and they may function in both promotion
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and resolution of inflammation [79]. Commonly used NSAIDs are aspirin;
ibuprofen; diclofenac; naproxen; celecoxib; mefenamic acid; etoriooxub;
and indomethacin. Most of these NSAIDs are generic medicines; thus,
they are manufactured and distributed by number of companies under dif-
ferent trade names. However, some of these NSAIDs are limited by their
mechanism of action, which address the symptoms of inflammation other
than its root cause by free radicals [45]. Another drawback of NSAIDs is
ascribed to health professional, who delays the commencement and inten-
sification of treatment of disease [70].

Recently, there is a growing interest in the identification of anti-inflam-
matory agents in plants, thus encouraging the development of foods with
therapeutic and medicinal benefits. Natural anti-inflammatory agents are
commonly referred to as dietary supplements and herbal remedies [48].
Flavonoids, terpenes, quinones, catechins, and alkaloids are plant deriva-
tives that are known to modulate the activation of pro-inflammatory sig-
nals [5].

The anti-inflammatory compounds impede the inflammatory pathway
by counteracting the COX isoenzyme and/or by inhibiting nuclear factor-
kB (NF-kB) inflammatory pathway. Therefore, understanding the mecha-
nism of the phenolic phytochemical of BGN and other legumes in the
attenuation of inflammation pathway is needed,

Hermsdorff et al. [29] reported on the reduction of TNF-a in plasma
following the consumption of a legume-based hypocaloric diet. A legume-
rich diet of 250 g/day has shown to reduce TNF-a.

Indigenous knowledge has pointed to some plants that have anti-
inflammatory properties. However, this is yet to be proven conclusively
for most of these plants. Notably successful anti-inflammatory drug from
invested plants is still lacking, regardless of the numerous dietary supple-
ments and herbal remedies developed. Ayepola et al. [6] using a malo-
ndialdehyde (MDA) biomarker demonstrated the resistance to oxidative
stress in plasma of a diabetic rat model through dietary supplementation.

A number of studies have shown that the expression of pro-inflam-
matory cytokines can be attenuated or prevented via dietary antioxidant
supplements. Using an animal model, Ayepola et al. [6] investigated the
inflammatory markers including MCP-1, vascular endothelial growth fac-
tors (VEGF), and IL-1 in the serum of streptozotocin-induced diabetic rats
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using Bio-Plex Pro-magnetic Bead-based assay. They revealed that proin-
flammatory cytokines were significantly reduced through dietary supple-
mentation. Attenuation of inflammation by BGN and other legumes is a
possibility; thus, further investigation on the anti-inflammatory potentials
of legumes is required.

White willow bark is regarded as one of the oldest remedies for pain
and inflammation, and it is an inhibitor of COX-1 and COX-2; thus, it
impedes the formation of inflammatory prostaglandins [48]. Pycnogenol
from maritime pine bark is similar to the willow bark. It is considered to be
one of the most potent antioxidants containing a wide range of active poly-
phenols, including catechin, taxifolin, procyanidins, and phenolic acids.
Its mode of action is achieved by inhibiting TNF-a-induced NF-kB activa-
tion and adhesion molecule expression in the endothelium.

Curcumin from turmeric, conventionally used for coloring, has also
been used as an anti-inflammatory and anticarcinogenic agent with anti-
oxidative effects. Curcumin owes its pharmacological benefits to its regu-
lation of certain molecular targets including proinflammatory cytokines,
growth factors, adhesion molecules, and transcription factors [53]. Its anti-
inflammatory role is achieved by suppressing NF-kB activator pathway
and stemming its expression. Regulation of several enzymes and cyto-
kines by inhibiting COX-1 and COX-2 has been observed in curcumin
studies. Its demonstrated activity in the NF-kB, COX-1, and COX-2 path-
way suggest that it can be used as an alternative to NSAIDs for the treat-
ment of inflammation. In addition to the COX enzyme, NADH oxidase
and monooxygenases’ activation and expression needs to be modulated.
Zia-Ul-Hagq et al. [97] investigated the COX inhibition activities of some
legumes. They reported the inhibition of COX by a legume. Based on this
report, BGN seeds, milk, and probiotic beverage and other legumes are
also expected to inhibit COX.

Lee et al. [44] demonstrated the anti-inflammatory effects of cowpea
extracts and its bioactive compounds using lipopolysaccharide (LPS)-
stimulated RAW 264.7 macrophage cells. Nitric oxide production was
strongly inhibited by ethyl acetate and n-butanol fractions of cowpea.
In conclusion, they attributed the anti-inflammatory activity of cow-
pea partially to the polyunsaturated fatty acids such as linolenic and
linoleic acids.: As BGN is a legume like cowpea with relatively similar
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phytochemical composition, these findings suggest the possibility of
anti-inflammatory activities of BGN. Moreover, BGN seeds have been
reported to have 4.5-7.4% of fat and the probiotic beverage had 8-9% of
fat [57]; thus, it would be vital to investigate the fatty acid profile of BGN
and other legumes.

Based on the antioxidant activities and phenolic phytochemistry profil-
ing reported in the previous studies, BGN is a promising seed with a sig-
nificant potential that requires further investigation to confirm most of the
ethnobotany knowledge on anti-inflammatory and anti-oxidative imputed
as a result of antioxidant capacity. Correlation between antioxidants capac-
ity of legumes and successful pharmacological properties against inflam-
mation and oxidative stress is needed.

5.13 OXIDATIVE STRESS: REGULATED AND UNREGULATED
SYSTEMS

Oxidative stress is highly recognized for its involvement in pathogenesis
of a number of degenerative diseases and other less well-defined variables
that contribute to residual factors which in turn favor pathogenesis. Oxida-
tive stress is described as the imbalance between the systemic manifesta-
tion of ROS and the biological system’s ability to readily detoxify the
reactive intermediates or to repair the resulting damage. According to Lu
et al. [45], ROS attack macromolecules in a biological system. Either way,
deleterious results are to be expected when the body system is somewhat
exposed to any of the above-mentioned conditions.

When electrons are transferred from one atom to another during oxi-
dation, it represents an essential part of aerobic life and metabolism [71].
Free radicals (superoxide (), peroxyl (ROO) alkaoxyl (RO); hydroxyl
(HO) and nitric oxide (NO)) are produced duringoxidation [45, 71]. Cell
signaling, apoptosis, gene expression, and ion transportation are some of
the important roles for which free radicals are recognized. Mitochondrial
respiration chain, an uncontrolled arachidonic acid (AA) cascade, and
NADPH oxidase are main sources of ROS and RNS [10]. Under normal
circumstances, in the occurrence of excess free radicals in the system,they
will be attacked by endogenous and exogenous antioxidants [40].
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Similar to the case of plants, the human body has an antioxidant
defense system to protect against free radicals. The defense system com-
prised endogenous and exogenous antioxidants. The endogenous system
includes:

» enzymatic defense such as Se-glutathione; peroxidase; catalase;
and SOD. Endogenous antioxidant or oxidative stress biomark-
ers are generally assessed invivo before and after oxidative stress.
SOD, catalase, glutathione reductase and glutathione peroxidase
are evaluated to determine enzymatic activity of endogenous
antioxidants. Other researchers have also measured specific end
products resulting from attacks on macromolecules by ROS. Fur-
thermore, these enzymes metabolize superoxide, hydrogen perox-
ide, and lipid peroxides, thus arresting the generation of the toxic
hydroxyl; and

* non-enzymatic defense such as: glutathione, histidine-peptides, the
iron-binding proteins transferrin and ferritin, dihydrolipoic acid,
reduced C Q,, melatonin, urate, and plasma protein thiols[83]. Rad-
ical-trapping capacity is accounted for by urate and plasma protein
thiols[71].

Glutathione peroxidase plays an invaluable role of protecting hemo-
globin, red cell enzymes and biological cell membranes against oxidative
damage by increasing the level of reduced glutathione in the process of
aerobic glycolysis [94]. Alteration of antioxidant defenses signifies oxida-
tive stress. Ademiluyi et al. [3] reported reduction in glutathione and glu-
tathione reductase activity in diabetic rats compared to that in the control
and dietary supplemented group with fermented legumes.

Under pathophysiological conditions (such as inflammation, metabo-
lism of foreign compounds), radiation leads to a load of free radicals. Free
radicals are reactive and can attack molecules of nearby cells and cause
damage. Free radicals initiate lipid peroxidation, leading to loss of mem-
brane fluidity [40, 45]; stimulation of vascular smooth muscle cell prolif-
eration and migration [30]; oxidation of nucleic acids, proteins including
enzymes, thereby causing DNA damage [26]; and induction of cell dys-
function, necrosis, and apoptosis, thus inducing specific post-transitional
modifications that alter the function of cellular proteins and signaling path-
way. The resultant functional modification of proteins, either reversible
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or irreversible, ultimately leads to cell dysfunction [31]. This oxidative
damage is implicated in aging and several degenerative diseases including
cancer and heart diseases. Figure 5.8 shows the progression to pathogen-
esis brought about by oxidative stress.

Free radicals are of different biological, chemical, and physical prop-
erties, and are therefore involved in oxidative stress in varying capacities
[62]. As aresult, the byproducts are also different. Owing to the physiolog-
ical, chemical, and physical properties of the byproducts, they can be used
as biomarkers for the onset and progression of oxidative stress. Investigat-
ing the attenuation of oxidative stress biomarkers by fermented legumes
has been done in the past. A similar study on BGN seeds, milk and probi-
otic is needed with a view of authenticating the medicinal claims of these
byproducts. Furthermore, the output from the work will aid in explaining
the involvement of specific biomarkers, which BGN can attenuate. The

ROS >
Antioxidant

Oxidative
stress

Activation of stress-
sensitive intercellular

FIGURE 5.8 .. Pathogenicity of oxidative stress.
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commonly studied biomarkers are highlighted and explained in the fol-
lowing sections.

5.14 OXIDATIVE STRESS: BIOMARKERS

Evidence of oxidative stress is verified by biomarkers [2, 6]. Byproducts
of oxidative stress have certain characteristics so that these can be con-
sidered as biomarkers. Correlation of the biomarkers with the pathophysi-
ological process of a disease and its utility as influenced by the ease and
cost of measurement make it potential candidates as biomarkers. More-
over, the set criterion is based on; its sensitivity and specificity; and evi-
dence for guiding management and improving patient outcome; chemical
stability; and accurately quantifies reflection of specific oxidation path-
way and concentration in biological samples correlated with the severity
of diseases [31, 87].

Oxidative stress biomarkers are disease specific, i.e., those of CVD dif-
fer from those of cancer and reproduction disorders [1, 89]. ROS has been
identified as an important biomarker reflecting the process of CVD. DNA,
lipids, proteins, and carbohydrates can be modified by ROS in vivo; hence,
these can be assessed as biomarkers, which are modified by interacting
with ROS [31].

Lipids are prone to oxidation because of their molecular structure with
many double bonds. Atherogenicity of low-density lipoprotein (LDL) has
been shown to increase upon oxidative modification. Upon modification,
the LDL is taken up by scavenger receptors on monocytes, which are
turned into foam cells. Foam cells are recognized to be the earliest step for
the development of atherosclerosis [30].

Impairment of membrane-bound enzymes and changes in fluid-
ity and permeability of cell membranes are normally observed. Unsta-
ble substances that disintegrate into various aldehydes such as MDA,
4-hydrooxynonenal, TBARS, and conjugated dienes-hydroperoxides, are
by-products of lipid peroxidation. Hence, they have been used extensively
for the assessment of oxidative stress in vivo models. Lipid peroxidation
has been characterized based on kinetic profiles. Antioxidants affect the
kinetics of peroxidation by deterring the initial rate of lipid oxidation and
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the lag preceding propagation is longer. The antioxidants present in BGN
and other legumes are expected to inhibit lipid peroxidation.

Isoprostanes (IsoPs) are unique byproducts of a non-enzymatic perox-
idation of polyunsaturated fatty acids, for example arachidonic acid [10].
Their elevation is associated with renal dysfunction at varying stages. The
IsoPs can be detected in serum and urine samples, and have been shown
to be elevated in the presence of a range of CVD risk factors. However,
the current method of quantification is impractical for large-scale screen-
ing (GC/MS); furthermore, it requires further validation using immuno-
assay kits.

MDA, 4-hydroxynonenal (HNE) isoprostanes, and acrolein are rela-
tively stable end products of lipid peroxidation, making them ideal bio-
markers for oxidative stress. However, lipid hydroperoxides and aldehydes
can also be adsorbed from the diet and then excreted in urine.

Therefore, the measurements of urinary MDA and HNE will give
ambiguous results; thus, they should not be used as an indicator of whole
body lipid peroxidation unless diet is controlled [44]. In the pathogen-
esis of Alzheimer’s disease (AD), lipid peroxidation has been implicated
at great lengths. Under normal conditions, its end products, HNE-GSH
adducts, are eliminated by the system’s glutathione transferase (GST) and
MRP-1. Thus, in subjects with oxidative stress, the elimination of HNE
decreases, leading to the accumulation of HNE protein adducts in neuro-
nal cells. Urinary isoprostane concentration, plasma lipid peroxide levels
are some of the important biomarkers of oxidative stress.

MDA is one of the most known secondary products of lipid oxidation,
and is frequently used as a biomarker for oxidative stress in vivo. MDA is
easy to quantify by a spectrophotometer using TBARS assay. ELISA kits
to detect MDA also have good performance. The progression of CVD and
carotid atherosclerosis at 3 years can be predicted using MDA. However,
TBARS assays are non-specific; thus, it can detect aldehydes other than
MDA; moreover, sample preparation can influence the results [31].

Figure 5.9 lists the biomarkers associated with lipids, proteins, car-
bohydrates, and genetic matter advanced glycation end-products (AGEs)
are formed during the oxidation of carbohydrates, whereas proteins are
modified by reducing sugars in a non-enzymatic reaction called glycation
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FIGURE 5.9 Oxidative stress biomarkers.

Protein glycation is associated with diseases, including diabetes mel-
litus, cardiac dysfunction, and neurodegenerative diseases. Hence, gly-
cation is a potential useful biomarker for monitoring several diseases.
Biomarkers of protein oxidation or nitration under a neurodegenerative
disease can involve protein carbonyls and nitration, respectively [87].
Oxidation of protein will in most instances affect their functionality.
Direct oxidation of certain amino acids side chains with products of lipid
peroxidation has been implicated in the observed loss of functionality of
protein [44].

Hydroxyl radicals produced in the vicinity of the nucleic acids DNA
and RNA will modify the nucleic acid, because they are highly reactive
and cannot diffuse from their site of formation [87]. Extensive studies have
shown that guanine is the most reactive of the nucleic bases. Therefore,
the oxidized bases 8-hydroxyguanosine (8-OHG) and 8-hydroxy-2’-deox-
yguanosine (8-OHdG) are most available oxidized bases and are used as
RNA and DNA oxidation biomarkers, respectively. Oxidative modification
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of mRNA causes reduction of protein levels and also induces translation
errors in vivo with alteration of protein structure and functionality.

Oxidative stress can affect the kidney function [15, 30, 37]. Kidneys
are involved in the vital roles in maintaining health by filtering waste
materials from the blood and expel them from the body as urine. There
are number of function tests that can be done to assess the kidney injury.
Serum creatinine test examines the accumulation of creatinine in blood;
under normal conditions, the kidneys would completely filter creatinine
from the blood. Creatinine is a chemical waste product of muscle contrac-
tion. It is composed of creatine, a supplier of energy to muscles. Recom-
mended creatinine levels in adults is 10.0 mg/dL. Thus, a high level of
creatinine in the blood will suggest kidney dysfunction.

Similarly, uric acid is an indicator of kidney injury. Serum uric acid
has been observed to be elevated in subjects with chronic kidney diseases
[37]. Chronic kidney disease (CKD) has been extensively associated with
increased oxidative stress, lipid peroxidation, advanced oxidation of pro-
tein products, and changes in glutathione content and increased acute phase
inflammation. Studies have shown that patients with renal insufficiency
had elevated levels of CRP and IL-6 compared to patients with normal
kidney function. There is evidence to suggest that inflammation and oxi-
dative stress are involved in the development of renal insufficiency. Urate
is a salt derived from uric acid, and the plasma protein thiols accounts for
the major damage contribution to the radical-trapping capacity of plasma.

While monitoring hepatic injury, function markers including amino-
transferases and lactate hydrogenase are assessed. Lipid peroxidation
markers, antioxidant enzymes, glutathione redox status, and cytokines lev-
els are also used to assess the extent of liver injury. Hepatocytes make up a
greater percentage of the liver; consequently, the liver actively participates
in the metabolism of xenobiotics, thereby making it prone to toxic sub-
stances. ROS are generated in the detoxification of xenobiotics [4]. Nota-
bly, these RONS can either be deleterious or beneficial depending on their
concentration. Their positive roles include cell signaling, defense against
infectious agents, and induction of mitogenic responses, of course in low
concentrations. However, at higher concentration, deleterious effects such
as oxidative and nitrosative stress have been reported [4].
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5.15 OXIDATIVE STRESS: MANAGEMENT

Glutathione (GSH) is a naturally occurring tripeptide derived from glu-
tamic acid, cysteine, and glycine. GSH has both nucleophilic and reducing
properties; thus, it is involved in protection against ROS, detoxification
of xenobiotics, thiol-disulfide exchange, removal of hydroperoxides,
amino acid transport across membranes, and maintenance of protein thiol
(SH) groups. In metabolism involving glutathione peroxidase, glutathione
S-transferase, and thioltransferase enzymes, GSH is required as a coen-
zyme. Owing to its strategic position between oxidants such as ROS and
cellular reductants, glutathione is perfectly configured for signaling func-
tions. Selenium-dependent glutathione peroxidase (GPx) is a central pillar
of animal antioxidation metabolism, hence glutathione’s has a role in animal
protective mechanism [63]. Depletion of GSH may result in weakening the
defense against oxidative stress, leading to damage to protein, DNA, RNA,
and membrane lipids. Insufficient efficiency of the endogenous free-radical
defense system and the existence of some physiopathological drivers will
result in antioxidants derived from the diet being called upon to diminish
the cumulative effects of ROS.

The health benefits have been attributed to the phenolic compounds’
ability to counteract the oxidative stress status [61]. Consumption of
legumes has demonstrated the capability of controlling the disturbances
on the normal redox state within the human body. Oxidative stress affects
the antioxidative enzymes, namely glutathione peroxidase, glutathione
reductase, SOD; and other antioxidants such as glutathione [4]. Glutathi-
one peroxidase enzyme is acknowledged to be responsible for the protec-
tion of erythrocyte against peroxides that are generated intracellularly or
exogenously. Glutathione peroxidase plays an invaluable role of protect-
ing hemoglobin, red cell enzymes, and biological cell membranes against
oxidative damage by increasing the level of reduced glutathione in the
process of aerobic glycolysis [94].

Aminotransferases are markers of clinical diagnosis of hepatic injury.
However, dietary supplementation with antioxidant-rich legumes can
reverse the injury. In the occurrence of hepatic injury, leakage of enzymes
from the liver into the bloodstream has been observed. Ademiluyi and
Oboh [2] demonstrated the attenuation of oxidative stress and protection
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of hepatic tissue damage by fermented BGN, soy, and locust bean con-
diments. In the study, the 14 days treatment of diabetic rats with fer-
mented legumes reduced the elevated levels of the hepatic damage marker
enzymes and MDA. These findings imply the possibility of managing oxi-
dative stress through a BGN-rich diet. Therefore, consumption of tropi-
cal legumes could be a practical dietary approach of managing oxidative
stress.

5.16 CONCLUSIONS

Inflammation and oxidative stress are unifying features in a number of
degenerative diseases. Credible research has proved that nutrition is a pos-
sible avenue for addressing the pathogenesis and progression of the degen-
erative diseases. However, for this to occur, stakeholders need to team
up in providing sustainable nutrition security. Nutraceutical, therapeu-
tic, medicinal, and pharmacological efficacy of BGN and other legumes
against inflammation and oxidative stress needs to be scientifically
established through animal and human studies. Because BGN and other
legumes are rich in phytochemicals, there might be countless possibilities
of application in the medical arena.

5.17 SUMMARY

Lifestyle-related diseases associated with inflammation and oxidative
stress claim 16 million lives every year. Synthetic drugs are the main-
stay of the treatment and management of these diseases regardless of their
known side effects. There is a quest of finding alternative medication that
has led to extensive research on medicinal plants with anti-inflammatory
and antioxidative stress activities. Bambara groundnut (Vigna subterranea
(L.) Verdc) (BGN) is such a plant with anti-inflammatory and antioxida-
tive potential, which has not been tapped scientifically. Phytochemistry
studies on BGN have shown antioxidative activities; therefore, it is of
interest to assess the potentials of BQN against inflammation and oxida-
tive stress. Moreover, owing to BGN’s versatility, value-added products
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can increase its consumption, thus improving its commercial status and
leading to its wide production and improvement of its economic status.
Furthermore, value-added products such as milk and probiotic bever-
age have the potential to address Africa’s health problems such as hunger,
malnutrition, degenerative diseases, and gender inequality, especially in
the rural communities. The review in this chapter aims to highlight the
antioxidant, anti-inflammatory, and anti-oxidative stress potentials of
BGN seeds, milk, and probiotic beverage with a view of making signifi-
cant impacts on education, health, and economic costs through various
stakeholders associated with BGN research, production, and processing.
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6.1 INTRODUCTION

Opuntia aurantiaca (Cactaceae) is an inconspicuous, perennial succulent
shrublet, which seldom exceeds 0.5 m in height in open pasture but can
reach up to 2 m in closed vegetation. The plant grows naturally in Argen-
tina, Paraguay, and Uruguay. The plant consists of sausage-like, fleshy
segments or joints (also known as cladodes) and is a serious invasive weed
on natural grasslands in Australia and South Africa [3, 4], where it was
introduced as an ornamental species and spread rapidly via dispersal of
vegetative parts.
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In Mexican folk medicine, the pulp and juice of O. aurantiaca (tiger-
pear, jointed cactus, or jointed prickly-pea) are used for the treatment
of wounds and inflammation of the digestive and urinary tracts [13]. In
China, Opuntia is used for moxibustion, where it is burnt on the skin for
the treatment of skin diseases. Opuntia has also been used to treat burns by
American Indians [10] and South Koreans. In Sicily, a decoction of flower
of Opuntia is taken as a diuretic, while the cladodes are known for their
anti-inflammatory potential against whooping cough, arthritis, and edema
[11]. In South Africa, whites and blacks use the pounded joints of Opuntia
vulgaris for tumors, boils, and open sores. The Xhosas in South Africa rub
the juice of the joints into curt warts, claiming that they disappear after
2-3 days [10].

Vitamin E, alpha-tocopherol, and glutathione are skin antioxidants,
which fight against the deleterious effects of reactive oxygen species
(ROS). Among bacterial pathogens, Staphylococcus aureus and Strepto-
coccus pyogenes are the most prevalent causative agents of common skin
diseases such as abscesses, carbuncle, erysipelas cellulites, folliculitis,
furuncle, and impetigo [5]. Ringworm and athlete’s foot are the most com-
mon cutaneous fungal infections caused by Trichophyton rubrum, while
Candida albicans is the main culprit responsible for gastrointestinal, vagi-
nal, and oral candidiasis [5].

This chapter explores the efficacy of the extracts of O. aurantiaca
against selected pathogens that cause human skin disorders and evaluate
the antioxidant capacity for validation of folk uses of the plant that is used
by the Xhosas of the Amathole District, Eastern Cape, South Africa.

6.2 MATERIALS AND METHODS
6.2.1 EXTRACTION PROCEDURE

O. aurantiaca leaves were sterilized with ethanol (70%), and distilled
water was used to rinse them. Ground samples of the leaves in separate
conical flasks containing ethanol and acetone were shaken in an orbital
shaker for 24 hours. Filtration was done with Whatman No. 1 filter paper
in a Buchner funnel. The filtrates were dried under reduced pressure in a
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rotavapor at 40°C. The extracts were re-constituted to yield a 20 mg/mL
stock solution in their respective solvents.

6.2.2. MICROORGANISMS FOR THIS STUDY

Six gram-negative bacteria (Escherichia coli, Salmonella typhimurium,
Pseudomonas aeruginosa, Shigella flexneri, Shigella sonnei, and Klebsi-
ella pneumonia) and five gram-positive bacteria (S. pyogenes, Klebsiella
pneumoniae, S. aureus, Bacillus cereus, Enterococcus faecalis, and Bacil-
lus subtilis) were used for the antibacterial assays. Candida glabrata and
Candida krusei were used for the antifungal assays. The choice of these
microbes was tied to their significance as pathogenic microbes that cause
cutaneous disorders in humans. American Type Culture Collection (ATCC)
strains of all microbes were obtained from Total Lab (South Africa).

6.2.3 SUSCEPTIBILITY TESTS

Sabouraud dextrose agar (SDA) and nutrient agar were prepared accord-
ing to the instructions by the manufacturer and transferred into disposable
sterile petri plates. The plates were labeled, inoculated with 0.5 Mcfarland
solutions (100 pL) of the respective microbe, and 50 mg/mL O. auran-
tiaca extract was loaded into 6-mm diameter agar wells. Positive con-
trols (2550 pg/well) for fungi and bacteria were nystatin and gentamicin,
respectively. Zones of inhibition were measured after incubating at 37°C
for 24 hours for bacteria and 72 hours for fungi. The minimum inhibi-
tory concentration (MIC) was determined using the method described by
Otang et al. [8].

6.2.4 ANTIOXIDANT ANALYSES

6.2.4.1 DPPH activity

DPPH scavenging activity was determined according to the method by
Erukainure et al. [2]. Concentrations of 0.025 to 0.5 ug/mL of the plant
extract were added to the same volume of 100 uM DPPH dissolved in
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methanol and kept for 30 minutes in the dark at room temperature. Stan-
dard controls were rutin and vitamin C. The experiment was run in trip-
licates. The absorbance at 518 nm was measured at and converted into
antioxidant activity according to the formula:

% DPPH Scavenging Activity = [(A,— A, )/ A, ] x 100 D

where A = absorbance of control; A| = absorbance of standard or extract;
IC, is the sample concentration needed to scavenge 50% DPPH radicals.

The IC, values were calculated by linear regression of plots, where
the horizontal axis represented the concentration of plant extracts and the
vertical axis represented the percent scavenging activity.

6.2.4.2 Reducing Power

Different concentrations (0.025-0.05 pg/mL) of each extract in distilled
water were mixed with 2.5 mL phosphate buffer (0.2 M, pH 6.6) and 2.5
mL potassium ferricyanide (1% w/v), incubated for 20 minutes at 50°C.
Then, 2.5 mL of trichloroacetic acid (10% w/v) was added into the mix-
ture and centrifuged (3000 rpm) for 10 minutes. The supernatant (2.5 ml)
was mixed with 2.5 mL distilled water and 0.5 mL of FeCl, (0.1% w/v).
Positive controls were rutin and vitamin C. The absorbance was recorded
at 700 nm.

6.2.4.3 Scavenging of Hydrogen Peroxide

Hydrogen peroxide scavenging activity was determined according to the
method of Erukainure et al. [2]. Hydrogen peroxide solution (40 mM)
was prepared in phosphate buffer (pH 7.4). Different extract concentra-
tions (0.025-0.05 pg/mL) in distilled water were added to 0.6 mL, 40 mM
hydrogen peroxide solution. Absorbance at 230 nm was determined after
10 minutes against a blank solution of phosphate buffer alone. The hydro-
gen peroxide scavenging activity was determined using Eq. (1).
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6.3 RESULTS AND DISCUSSION

6.3.1 YIELD OF EXTRACTION

The yield of the ethanolic solvent (9.3 g/100 g dry plant material) was
higher than that of acetone (7.5 g/100 g dry plant material).

6.3.2 ANTIMICROBIAL ACTIVITY

The antimicrobial activity of the plant extracts and controls are summa-
rized in Table 6.1. The maximum antibacterial activity (inhibition zone
diameter > 19 mm) was obtained with the ethanol extract of O. aurantiaca

TABLE 6.1 Antibacterial Activity of O. aurantiaca Extracts

Microorganisms Ethanol Acetone Positive control
71 MIC Z1 MIC ZI MIC
Gram negative bacteria
Escherichia coli Na Na 15¢1.6 25 25+0.7  <0.01
Pseudomonas aeruginosa 15+1.5 2.5 15£2.1 2.5 24+2.1  0.01
Salmonella typhimurium — 15£1.0 2.5 15£2.1 2.5 25+1.0  0.01
Shigellaflexneri NA NA 10£1.0 >5 24+1.1  <0.02
Shigellasonnei 20+2.1  0.02 15¢1.1 2.5 24+2.6  <0.01
Gram positive bacteria
Bacillus cereus 15+1.0 2.5 15+1.1 25 24+1.6  <0.01
Bacillus subtilis Na Na 15¢1.0 2.5 22+1.2  0.02
Enterococcus faecalis Na Na 20+£1.8*% 0.01 24+14  <0.1
Klebsiella pneumoniae Na Na 15£1.1 25 24422  <0.01
Staphylococcus aureus 16£1.0 2.5 NA NA 24+0.6  <0.1
Streptococcus pyogenes 20+£1.0  0.02 NA NA 23+£2.1  <0.01
Fungi
Candida glabrata 20+1.7  <0.02 20+1.1  0.02  20+1.7 0.02
Candida krusei NA NA NA NA 21+1.2 0.02

NA = Not active; * = Not significantly different (P < 0.05) from positive control.
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The acetone extract of O. aurantiaca showed moderate antibacte-
rial (inhibition zone diameter between 10 and 15 mm) potency against
all gram-negative bacteria and no activity against S. aureus. The ethanol
extract was not inhibitory against E. coli, S. flexneri, B. subtilis, and K.
pneumoniae. Although both extracts showed strong antifungal activity
against C. glabrata, yet none was inhibitory against C. krusei.

6.3.3 ANTIOXIDANT ASSAYS

The concentration necessary to obtain 50% scavenging activity (IC,) is
presented in Table 6.2. The lower was the IC value, the larger was the
scavenging activity [12].

6.3.3.1 DPPH Activity
The results of the DPPH (Figure 6.1) assay revealed that the scavenging

activity of the acetone extract was greater than that of the ethanol extract
and did not differ significantly from those of rutin and vitamin C.

TABLE 6.2 The IC, Values O. aurantiaca Extracts

Reducing power DPPH ABTS
Acetone 0.21 0.12 0.10
BHT ND K 0.05
Ethanol 0.05 0.15 0.04
Gallic acid ND ok 0.16
Rutin 0.06 0.11 ND
Vitamin C 0.12 0.10 ND

ND = Not determined; ** = No data.

against S. sonnei and S. pyogenes and the acetone extract against E. fae-
calis. The ethanol and acetone extracts showed strong antifungal activity
against C. glabrata with zones of inhibition of 20 + 1.1 mm and 20 + 1.7
mm, respectively
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FIGURE 6.1 DPPH activity of O. aurantiaca extracts.

6.3.3.2 ABTS Scavenging Activity

The ABTS scavenging activity of the ethanol extract of O. aurantiaca was
higher than that of the acetone extract, BHT, and gallic acid at all concen-
trations tested; and that of the acetone extract was greater than that of Gal-
lic acid for extract concentrations higher than 0.05 mg/mL (Figure 6.2).

6.3.3.3 Reducing Power Assay

Reducing ability of the ethanol extract of O. aurantiaca was higher than
that of rutin at concentrations lower than 0.15 mg/mL; and that of the ace-
tone extract was lower than both controls at all concentrations (Figure 6.3).

In skin and soft tissue infections, S. pyogenes is one of the common-
est bacterial agents that cause infections in wounds, carbuncles, impe-
tigo furuncles, erysipelas, and abscesses. Many enterococcus species
have been identified; however, only Enterococcus faecium and E. faeca-
lis account for the greater share of human infections [6]. In the past, C.
glabrata was assumed to be a nonpathogenic organism in humans, espe-
cially in the mucosal tissues. However, with the recent increased use of
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FIGURE 6.3 Reducing power of O. aurantiaca extracts.

immunosuppressive agents, both systemic and mucosal infections caused
by C. glabrata have increased significantly, especially in AIDS patients
[5]. Opuntia contains a range of phytochemicals such as gallic acid, vanil-
lic acid, and catechins in variable quantities that may have biological
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activity [9]. The high sensitivity shown by S. sonnei, S. pyogenes, E. fae-
calis, and C. glabrata toward both extracts of O. aurantiaca may partially
validate the local use of O. aurantiaca in traditional medicine against skin
ailments.

S. aureus, E. coli, and C. krusei showed low sensitivity to the extracts
of O. aurantiaca. Staphylococci infect wounds and are mainly responsible
for abscesses, furuncles, erysipelas, carbuncles, and impetigo [9]. E. coli,
which inhabits the intestines, may cause infections in wounds and sepsis.
In one study, E. coli, C. albicans, and S. aureus were reported as the most
common skin pathogens [7]. The fungus C. krusei, may occur in mucous
membranes and on the skin without causing any infection if present at low
frequency. However, they may become pathogenic and cause candidiasis
and impetigo if they overgrow the normal flora, especially in diabetics and
in individuals with suppressed immune systems [7].

As free radicals are definitely implicated in the pathogenesis of skin
diseases, the antioxidant capacities of O. aurantiaca were also studied.
ROS are usually produced in low quantities in aerobic organisms. When
these species are released uncontrolled, they alter apoptotic pathways [1],
and this may result in cutaneous malignancy. Although living cells have
many antioxidant mechanisms that inactivate ROS to maintain homeosta-
sis, yet unfortunately, these homeostatic mechanisms are sometimes over-
burdened, and the resultant increase in cutaneous ROS may accelerate the
development of cutaneous disorders.

Hence, the availability of plant-derived antioxidants is gaining much
importance since past few decades. In this chapter, the antioxidant capac-
ity of O. aurantiaca was investigated using DPPH, reducing power, and
ABTS radical scavenging assays. The DPPH scavenging activity of the
acetone extract was significant, with IC_ value close to the scavenging
activity of rutin and the ABTS; further, reducing power of the ethanol
extract was comparable to those of the standard controls (BHT and rutin).
The ability of these extracts to scavenge DPPH and ABTS free radicals
suggest that they might donate electrons that combine with radicals, mak-
ing them stable and thus terminating the radical chain reactions. The pro-
found antioxidant activity of O. aurantiaca extracts is most likely due
to polyphenolic compounds that are known to be present in the Opuntia
genus. Although the antioxidant activity of O. aurantiaca has not been
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reported in literature, yet other species within the Opuntia genus such as
Opuntia ficus-indica var. saboten extract exhibited concentration-depen-
dent scavenging activity, superoxide anions, DPPH radicals, and hydroxyl
radicals on different assay systems [9].

6.4 CONCLUSIONS

This study was undertaken to investigate the efficacy of O. aurantiaca
extracts against selected pathogens responsible for human cutaneous dis-
cases and to evaluate the antioxidant capacity for validation of folk uses
of this plant. The most potent antibacterial activity was recorded with the
ethanol extract of O. aurantiaca against Shigella sonnei and Streptococ-
cus pyogenes and by the acetone extract against Enterococcus faecalis.
Although both extracts showed strong antifungal activity against Candida
glabrata, yet none was inhibitory against Candida krusei. The acetone
extract of O. aurantiaca showed significant DPPH radical scavenging
activity with IC, value close to that of rutin, and the ABTS radical scav-
enging activity and reducing power of the ethanol extract were compara-
ble to those of the standard controls (BHT and rutin). The high sensitivity
shown by S. sonnei, S. pyogenes, Enterococcus faecalis, and Candida gla-
brata toward the extracts of O. aurantiaca may partially justify the use of
the plant in traditional medicine against skin ailments.

6.5 SUMMARY

In view of the importance of O. aurantiaca in ethnopharmacology, the
study in this chapter was undertaken to investigate the efficacy of the
plant extracts against selected pathogens that cause human skin disor-
ders and evaluation of the antioxidant capability for validation of folk
uses of the plant. The agar well diffusion and microdilution techniques
were used to test the antimicrobial activity of the plant against selected
bacteria and fungi. The antioxidant activity of the plant was evaluated
through DPPH (1,1-diphenyl-2-picrylhydrazyl), NO (nitric oxide),
ABTS (2,2’-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid), and
reducing power assays.
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The ethanol extract showed that the most potent antibacterial activity
was against Shigella sonnei and Streptococcus pyogenes, followed by the
acetone extract against Enterococcus faecalis. Although the two extracts
showed strong antifungal activity against Candida glabrata, yet none
was inhibitory against Candida krusei. The acetone extract of O. auran-
tiaca showed potent DPPH scavenging activity that was close to that of
Rutin, and the ABTS radical scavenging activity and reducing power of
the ethanol extract were not significantly different (P = 0.12) from those
of the standard controls (Rutin and BHT). The high sensitivity shown by
Shigella sonnei, Streptococcus pyogenes, Enterococcus faecalis, and Can-
dida glabrata toward both extracts of O. aurantiaca may partially validate
the local use of Opuntia in traditional medicine against skin ailments.
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7.1 INTRODUCTION

Incidence rates of neurodegenerative diseases such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD) increase exponentially with age.
According to World Health Organization (WHO), neurodegenerative dis-
eases will become the world’s second leading cause of death by the middle
of the century, overtaking cancer [22]. According to the Global Burden of
Disease Study, dementia and other neurodegenerative disorders will be
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the eighth cause of disease burden for developed regions by 2020 [27].
Oxidative stress is critical to the pathologies associated with brain dam-
age and cognitive abilities [21]. Although multiple factors are involved
in the development of neurodegenerative diseases, dysregulation in the
inflammatory network and oxidative imbalance are key components in the
pathogenesis of diseases such as Alzheimer’s disease (AD), Parkinson’s
disease, brain tumors, and multiple sclerosis [14, 20]. Studies have shown
low and moderate concentration of these neurotransmitters in patients
with AD; therefore, inhibition of acetylcholinesterase (AChE), butyryl
cholinesterase (BChE), and monoamine oxidase (MAQ) activities have
been accepted as an effective management strategy against AD [30, 35].

Neuroinhibitors (such as tacrine, donepezil, and rivastigmine) are
commonly used synthetic drugs for the treatment of AD. However, these
drugs are limited in use due to their adverse side effects [38]. The preven-
tion of neurodegenerative condition has been one of the primary goals of
present research using dietary regime [10] for early intervention, because
they are pharmacologically safe, cost-effective, and available with mini-
mal side effects. Hence, the focus is on plant phytochemicals as natural
sources with psychotropic effects [7, 35]. In sub-Sahara Africa including
Nigeria, most people with mental or behavioral disorder rely on tradi-
tional healing practices and medicinal plants for treatment of these con-
ditions [10]. In addition, the traditional uses are dependent on ancestral
experience [1].

Utazi (Gongronema latifolium) is a green leaty vegetable, which forms
a major constituent of local diets in Nigeria. It is not only desired for its
nutritional benefits but also for its medicinal properties as reported in folk-
lore. Its leaf is consumed as a spice and in preparation of soups and stews
[11]. The hypolipidermic, hyperglycemic, anti-inflammatory, and antioxi-
dant properties of this vegetable have been reported by several investiga-
tors [23, 33]. A recent study on in vitro activities has shown some enzymes
linked to neurodegeneration [30].

This chapter discusses the dietary intervention of Utazi supplemented
diet using Wistar male rat animal model. Oxidative stress was induced in
the rat brain using cyclophosphamide (CPH) cytoxan case No. (50-18-0).
Cyclophosphamide, which is an anticancer drug, is known as an alkylat-
ing agent with alkylating properties that cause the disruption of nucleic
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acid function and the inhibition of DNA synthesis [8, 9]. This induced
nucleic acid damage may lead to DNA mutations that can result in cyto-
toxicity, carcinogenicity, teratogenicity, and reproductive toxicity follow-
ing chronic exposure to CPH [45].

7.2  MATERIALS AND METHODS
7.2.1 SAMPLE COLLECTION AND PREPARATION

Fresh leaves of Utazi (Figure 7.1) were harvested from local farm in Uyo,
Nigeria, during the rainy season in June 2016. The samples were identified
and authenticated at Forest Research Institute of Nigeria (FRIN), Ibadan,
Nigeria. The leaves were plucked from its trunk, rinsed under running tap
water, and dried for 7 days at room temperature (under shade) to constant
weight. The dried leaves were pulverized using the method described by
Mukhtar et al. [26] and kept in an airtight container for further use. The
powder sample was analyzed using gas chromatography coupled with
flame ionization detector (GC-FID), in Central Laboratory of Federal Uni-
versity of Technology, Akure, Ondo State.

FIGURE 7.1 = Utazi vegetable.
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7.2.2 CHEMICALS AND REAGENTS

Chemicals and reagents (such as gallic acid, quercetin, Folin—Ciocalteau’s
reagent, semicarbazide, benzylamine, acetylthiocholine, and butyryl thio-
choline iodide) for this study were procured from Sigma-Aldrich, Inc. (St
Louis, MO); dinitrophenyl hydrazine (DNPH) from ACROS Organics
(New Jersey, USA), and methanol and acetic acid from BDH Chemicals
Ltd. (Poole, England). Cyclophosphamide (case no. 50-18-2), donapezil
hydrochloride E-2020, and all other kits used for bioassay were ordered
from Randox Laboratories Ltd. Co., Crumlin, Antrim, UK.

7.2.3 EXPERIMENTAL DESIGN

Feed formulation and bioassay were carried out according to the modi-
fied method by Oboh et al. [32] and that of Srinivasan et al. [40], respec-
tively. Male Wistar rats weighing 180-200 g were purchased from the
Department of Veterinary Medicine, University of Ibadan, Nigeria. The
rats were acclimatized for a period of 2 weeks. The animals were kept
in wire-mesh cages under a controlled light cycle (12 h light/12 h dark)
and placed on commercially available feed and water ad /libitum during
the period of acclimatization. A total of 42 rats were used for this study.
The animals were allocated with specific dietary regimens consisting of
7 groups: control group I, negative control (induced with CPH); group
I, positive control treated with 100 mg/kg body weight orally donepe-
zil; group 111, fed with only the basal diet (44.4% skimmed milk, 41.6%
corn flour, 10% oil, and 4% mineral/vitamins premix); and the remaining
groups 1V to VII were fed with 42.4% skimmed milk, 41.6% corn flour,
10% oil, and 4% mineral/vitamin premix with 2% and 4% Utazi inclusion
for 3 weeks. Mineral and vitamin premix contained 3200 [.U. vitamin
A, 600 L.U vitamin D3, 2.8 mg vitamin E, 0.6 mg vitamin K3, 0.8 mg
vitamin B1, 1 mg vitamin B2, 6 mg niacin, 2.2 mg pantothenic acid, 0.8
mg vitamin B6, 0.004 mg vitamin B12, 0.2 mg folic acid, 0.1 mg biotin
H2, 7 mg Na chloride, 0.08 mg cobalt, 1.2 mg copper, 0.4 mg iodine, 8.4
mg iron, 16 mg manganese, 0.08 mg selenium, 12.4 mg zinc, and 0.5 mg
antioxidant.
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It should be noted that 2% and 4% Utazi inclusions were on equal-
weight basis. The protein content of Utazi leaves was taken into consid-
eration from the values obtained from the proximate analysis, which was
used in the formulation of the protein content of diets. The feed was baked
at 70°C for 30 mins to make the meal appealing to the rats; and 20 g of
baked feed was administered to each rat in their compartmental cage on a
daily basis.

7.2.4 ANIMAL ETHICS

All the animals received human care according to the criteria outlined
in the Guide for the Care and the Use of Laboratory Animals prepared
by the National Academy Science and published by the National Insti-
tute of Health (USA). The ethic regulations were followed in accordance
with national and institutional guidelines for the protection of animals’
welfare during experiments. The experiment was carried out at the Func-
tional Food, Nutraceuticals and Phytomedicine Laboratory, Department
of Biochemistry, Federal University of Technology, Akure, Ondo State,
Nigeria.

7.2.5 PRETREATMENT STUDY

In the pre-treatment study, the rats (group III) were given suspension of
donapezil (100 mg/kg body weight daily), while the treated groups (I'V-
VII) were given Utazi 2% and 4% supplemented diet. The experiment
lasted for 21 consecutive days after which the administration of CPH was
dissolved in distilled water (70 mg/kg b.w., i.p.) and was given to groups
II to V on 24 h before termination, while groups I, VI, and VII were not
induced with CPH. The animals were decapitated under mild diethyl ether
anesthesia, and the brain tissue was rapidly isolated, placed on ice, and
weighed. This tissue was subsequently homogenized in cold saline (1:10
w/v) solution with about 10 up-and-down strokes at approximately 1200
rpm in a Teflon glass homogenizer. The homogenate was centrifuged for
10 mins at 3000 g to yield a clear supernatant fraction [2]
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7.2.6 ESTIMATION OF ANTIOXIDANT PARAMETERS
7.2.6.1 Determination of Protein Content

Protein content in brain tissue homogenate supernatant was determined as
described previously by Lowry et al. [18]. The 0.01 mL of distilled water,
protein standard (5.85 g/dL bovine serum albumin), and tissue homog-
enates was pipetted into sample tubes. Thereafter, 0.5 mL of biuret reagent
(100 mmol/L NAOH, 16 mmol/l Na-K-ATPase tartarate, 15 mmol/L
potassium iodide, and 6 mmol/L CuSO4-5H20 in 400 mL distilled water)
was added and allowed to incubate for 30 minutes at room temperature.
The absorbance of standard was read at 546 nm against the blank in a
spectrophotometer. The total protein concentration was subsequently cal-
culated against standard.

7.2.6.2 Determination of Glutathione Peroxidase Activity

Activity of glutathione peroxidase was determined by the method by
Klafki et al. [17]. A total of 0.2 mL of 0.4M phosphate buffer (pH 7.0)
was mixed with 0.1 mL of 10 mM sodium azide together with 2 mL
plasma homogenate, 0.2 mL of 10 mM glutathione and 0.1 mL of 0.2 mL
hydrogen peroxide. The mixture was incubated for 10 min followed by
addition of 0.4 mL of 10% TCA to terminate the reaction. The mixture
was centrifuged at 3200xg for 2 min, and the supernatant was assayed
for glutathione content using Ellman’s reagent (19.8 mg of DTNB in 100
mL of 0.1% sodium nitrate). The activity of GPx was expressed as mg of
GSH consumed/min/g of protein.

7.2.6.3 Determination of Superoxide Dismutase Activity

The superoxide dismutase (SOD) was determined by the method by Misra
et al. [25], but with a slight modification using a microplate reader at 490
nm. Enzyme activity was expressed as the amount of protein (pg) required
to produce a 50% inhibition of auto-oxidation of 6-hydroxydopamine.
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7.2.6.4 Determination of Vitamin C Content

Vitamin C content of the plasma tissue was determined using the method
by Ngounou et al. [29]. Briefly, 75 uLL DNPH (2-dinitrophenyl hydrazine,
230 mg thiourea, and 270 mg CuSO,-5H,0 in 100 mL of 5M H,SO,) was
added to 500 pL reaction mixture (300 pL of the tissue and control with
100 pL of 13.3% trichloroacetic acid (TCA), and water). The reaction
mixture was subsequently incubated for 3 h at 37°C, and 0.5 mL of 65%
H,SO4 (v/v) was then added to the medium, and the absorbance was mea-
sured at 520 nm to find the vitamin C content of plasma.

7.2.7 LIPID PEROXIDATION AND THIOBARBITURIC ACID
REACTION ASSAY

The 100 pL of the supernatant fraction of the brain tissue was mixed with
a reaction mixture containing 30 pL of 0.1M Tris-HCI buffer (pH 7.4). The
volume was increased to 300 puL by adding distilled water before incubation
at 37°C for 60 min. The color reaction was developed by adding 300 pL of
8.1% sodium dodecyl sulfate to the reaction mixture, followed by 600 pL of
acetic acid/ HCI (pH 3.4) mixture and 600 pL of 0.8% TBA. This mixture
was incubated at 100°C for 60 min. The production of thiobarbituric acid
reactive species (TBARS) was measured with UV-visible spectrophotom-
eter (Jenway 6305) at 532 nm, and the absorbance was compared with that
of a standard curve using malondialdehyde (MDA). Lipid peroxidation was
assessed by measuring the formation of TBARS, as described by Ohkawa
et al. [35]. TBARS were quantified using an extinction coefficient of 1.56
% 105 L mol™! em™ and expressed as mmol of TBARS per mg of protein.

7.2.8 ENZYME ASSAYS

7.2.8.1 Cholinesterase Activity Assay

The acetyl cholinesterase (AChE) activity was measured in a reaction mix-
ture containing 0.1M phosphate buffer (pH 8.0), 100 uL of a solution of
5,5'-dithio-bis(2-nitrobenzoic) acid (DTNB), 3.3 mM in 0.1 M phosphate
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buffered solution (pH 7.0) containing NaHCO, (6 mM), brain tissue (100
ul), and 500 uL of phosphate buffer (pH 8.0). After incubation for 20 min
at 25°C, 100 pL of 0.05 mM acetylthiocholine iodide was added as the sub-
strate. AChE activity was determined by monitoring changes in the absor-
bance at 412 nm for 3 min. Further, 100 pL of butyryl thiocholine iodide
was used as a substrate to assay for BChE activity, while all other reagents
and conditions remained the same [37]. The percentage inhibitory effect
of extracts on AChE and BChE activities was subsequently calculated as:

Percentage inhibitory effect = [100 x (Absorbance of reference
— Absorbance of sample)]/
(Absorbance of reference) (1)

where absorbance of reference is the absorbance without sample (brain tissue).

7.2.8.2 MAO Activity Assay

MAO activity was measured according to the procedure by Turski et al.
[41], with slight modification. In brief, the mixture contained 0.025 M
phosphate buffer (pH 7.0), 0.0125 M semicarbazide, 10 mM benzylamine,
and 75 pL of 100 pL of supernatant. After 30 min, acetic acid was added
and boiled for 3 min in water bath followed by centrifugation. The resultant
supernatant (1 mL) was mixed with equal volume of 2,4-DNPH, and 1.25
mL of benzene (absolute) was added after 10 min of incubation at room
temperature. After separating the benzene layer, equal volume of 0.IN
NaOH was added. The alkaline layer was decanted and heated at 80°C for
10 min. The orange—yellow color was developed, and it was measured at
450 nm in a spectrophotometer. The percentage MAO activity was subse-
quently calculated using Eq. (1).

7.2.9 QUANTIFICATION OF ALKALOID COMPOUNDS
BY GAS CHROMATOGRAPHY COUPLED WITH FLAME
IONIZATION DETECTOR (GC-FID)

Alkaloid compound quantification was carried out using the modi-
fied method by Ngounou et al. [29].- For the GC-FID- detection, a
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Hewlett-Packard 6890 gas chromatograph (Hewlett-Packard, Palo Alto,
CA, USA) was used, along with HP Chem station Rev. A09.01[1206] soft-
ware equipped with a derivatized, nonpacked injection liner and an Rtx-
SMS (5% diphenyl-95% dimethyl polysiloxane) capillary column (30 m
length, 0.25 pm film thickness), and detected with an FID. The following
conditions were employed: PA separation; injector temperature of 23°C;
ramp temperature of 80°C for 5 min and then ramped to 250°C at 30°C/
min; detector temperature of 320°C. Standard alkaloids were used.

7.2.9.1 Data Analysis

The results of three replicate experiments were pooled and expressed as
mean =+ standard deviation (SD). One-way analysis of variance (ANOVA)
was used to analyze the mean, and the post-hoc treatment was performed
using Duncan multiple test [44]. Significance was accepted at P < 0.05.

7.3 RESULTS AND DISCUSSION

The authors conducted this study to evaluate the beneficial effects of Utazi
by investigating the inhibitory effect of aqueous polyphenols extracts
obtained from Utazi (G. latifolium) on some enzymes linked to neuro-
degeneration in vitro [31]. In continuation of the previous research, an in
vivo assay was conducted using an animal model, and alkaloid character-
ization was carried on the leaf samples to identify the specific bioactive
metabolites [13], which were responsible for the observed results.
Eleyinmi [12] has reported the presence of alkaloid in Utazi plant. Fig-
ure 7.2 shows the general structure of alkaloid, which had been reported
to possess neuroprotective properties by virtue of its interaction with the
receptors at the nerve endings, thus making them therapeutic molecules
for neurological disorders including AD [27]. Although AD has been con-
sidered as a multifactorial disease, oxidative stress has been considered as
one of the important factors in the development of this neurodegenerative
disease [4]. The animal model was pretreated with the supplemented diet of
Utazi before induction of cyclophosphamide-oxidative stress as indicated
by results. There was a significant increase in MDA produced and decrease
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FIGURE 7.2 General structure of alkaloid.

in endogenous antioxidants such as vitamin C, SOD, and GPx when com-
pared to the untreated positive control group I. However, the groups supple-
mented with Utazi had an increased level of antioxidants and reduced level
of MDA as a result of presence of different alkaloids (Figures 7.3-7.5).

However, there was a significant difference (p<0.05) among all other
groups and the negative control group without treatment. The groups that
received treatment with Utazi and the positive control group (treatment
with donepezil, a control drug for the treatment of mild to moderate AD)
reduced the MDA formation, though there was no change among groups
with only diet supplemented without induction when compared to the pos-
itive control group (Figure 7.6).
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FIGURE?7.3 EffectofUtazisupplemented diet on vitamin C contentin cyclophosphamide-
induced oxidative stress in rats; values represent mean =+ standard deviation (n = 6).
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FIGURE 7.4 Effect of Utazi supplemented diet on glutathione peroxidase (GPx) content
in cyclophosphamide-induced oxidative stress in rats; values represent mean + standard
deviation (n = 6).

This study clearly revealed that there is generation of free radical
species, which can be controlled by phenolics and flavonoids in diet
during the metabolic process. The restoration after oxidative stress
by Utazi might be attributed to the presence of individual activity of
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FIGURE 7.5 Effect of Utazi supplemented diet on superoxidase dismutase content in
cyclophosphamide-induced oxidative stress in rats; values represent mean + standard
deviation (n = 6).
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FIGURE 7.6 Effect of Utazi supplemented diet on MDA produced in cyclophosphamide-
induced oxidative stress in rat brain; values represent mean + standard deviation (n = 6).

alkaloid as revealed in the GC-MS analysis of the alkaloid. Table 7.1
shows its chromatogram peaks.

However, it was noted that excess intake of the supplement could
deplete the plasma level of endogenous vitamin C (Figure 7.3). Increased
activity of brain cholinesterases such as acetylcholinesterase (Ache) and
butyryl cholinesterase (BChe) facilitates rapid hydrolysis of acetylcholine
neurotransmitter, thus impairing the cholinergic neuronal function [16].
This has been shown to be major risk factor in the development and pro-
gression of dementia characteristic of AD [16]. As the loss of cognitive
function in AD patients is strongly correlated with the reduction of cholin-
ergic neurotransmission in the brain, rebalancing cholinergic input should
theoretically increase memory and cognition in AD patients [§].

Cholinergic transmission is mediated by the neurotransmitter acetylcho-
line (ACh) through the activation of ionotropic nicotinic and metabotropic
muscarinic acetylcholine receptors. AChE inhibitors can enhance cholin-
ergic transmission by limiting degradation of ACh. Dietary sources of cho-
linesterase inhibitors such as alkaloids from fruits and vegetables could be
a complementary approach at prevention/management of these diseases.
The study in this chapter showed that there was increase in the activities
of AChe and BChe of induced groups with cyclophosphamide-induced
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TABLE 7.1 GC-MS Analysis of the Alkaloid Extract profiles of G. latifolium
Compounds RT* Utazil (mg/100 g)
1,3-Alphadrorhombifoline 11.269 3.52109x10°
6-Hydroxybuphanidrine 20.77 5.09996x10~
9-octadecenamide 12.921 7.43151x10°
Acronycine 20.924 3.1490x107
Angustifoline 8.769 7.91583x107
Augustamine 14.7 7.16001x10°
Buphanidrine 17.108 5.74468x10°
Caffeine 7.553 1.96585x10*
Choline 4.569 6.1964
Cinchonidine 16.885 1.80206x10°
Colchicine 28.831 2.08469x1072
Crinamidine 24222 5.31160x10
Crinane-3-alpha-ol 16.352 1.73331x10°
Cubebine 8.33 3.44494x10°
Dihydro-oxo-dimethoxyhaemanthamine = 14.227 9.00494x10
Dillapiole 8.445 2.15890x10
Ellipcine 9.683 2.17688x10°
Emetine 29.618 1.25372x10°
Gingerdione 15.551 7.96858x107
Lupanine 10.716 8.88005x10°®
Monocrotaline 21.413 4.67849x1073
Myristicin 7.932 2.06088x10¢
Nitidine 22.17 4.91347x1073
Paclitaxel 32.261 3.24226x10°
Shogaol 15.132 1.85755x10°¢
Sparteine 9.298 1.94664x10°
Tetradrine 29.897 5.24188x10*
Thalicarpin 30.021 1.5086x107
Theobromine 6.833 9.24477x107
Theophylline 7.062 1.41809x10°
Trigonelline 5.616 4.71773x10*
Total 6.3001

RT* = Retention time (min).
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oxidative stress in rats brain tissue when compared with positive control
group. However, activities were reduced in the treated groups (Figures 7.7
and 7.8).

The diet was able to reduce the activity better in BChe than in Ache,
which is in agreement with previous research [36], where plant extract
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FIGURE 7.7 Effect of Utazi supplemented diet on BChe activity in cyclophosphamide-
induced oxidative stress in rat brain; values represent mean + standard deviation (n = 6).
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FIGURE 7.8 Effect of Utazi supplemented diet on AChe activity in cyclophosphamide-
induced oxidative stress in rat brain; values represent mean + standard deviation (n = 6).
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inhibited BChe activity better than AChe activity in vitro. These effects
have been largely linked to their constituent phytochemicals present such
as choline, which is abundant in the Utazi plant. The amounts of acetyl-
choline released by physiologically active cholinergic neurons depend on
the concentrations of choline available. In the absence of supplemented
free choline, the neurons will continue to release constant quantities of
the transmitter, especially when stimulated [20]. However, when cho-
line is available (in concentrations bracketing the physiological range
of 10-50 uM), a clear dose relationship has been observed between its
concentration and acetylcholine release [6, 20]. When no free choline is
available, then the source of the choline is used for acetylcholine synthe-
sis in the cells’ own membrane [6]. Membranes are very rich in endog-
enous phosphatidylcholine, and this phospholipid serves as a reservoir of
free choline. It has been suggested that a prolonged imbalance between
the amounts of free choline available to a cholinergic neuron and the
amounts needed for acetylcholine synthesis might alter the dynamics of
membrane phospholipids to the point of interfering with normal neuronal
functioning (“‘autocannibalism”) [5, 30], e.g., in patients with Alzheim-
er’s disease. In that event, providing the brain with supplemented choline
would serve two purposes: (1) It would enhance acetylcholine release
from physiologically active neurons; and (2) it would replenish the cho-
line-containing phospholipids in their membranes (Figure 7.9) [43].

MAUO activity has shown to be upregulated in the basal ganglia of the
brain of patients with neurodegenerative disease. The increase in MAO
activity was correlated with the severity of the pathology [38]. Impair-
ment of the monoaminergic neurotransmission through rapid oxidation of
monoamine neurotransmitters by MAO has been implicated in the patho-
genesis and progression of neurodegenerative diseases such as PD and
AD [14]. Therefore, inhibition of MAO activity in brain tissue from this
study with supplemented diet of alkaloid-rich vegetable of Utazi offers
useful therapeutic strategy to manage these neurodegenerative diseases
[19, 33].

Past findings have reported that alkaloids are potent inhibitors of
MAO activity. The addictive or synergistic effect of the individual alka-
loids could be responsible for the findings reported in this study (Figure
7.10).
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FIGURE 7.9 Effect of Utazi supplemented diet on monoamine oxidase activity in
cyclophosphamide--induced oxidative stress in rat brain; values represent mean + standard
deviation (n = 6).
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FIGURE 7. 10 Caffeine and structurally related methyl xanthines found in the alkaloid
characterization of Utazi.

7.4 CONCLUSIONS

This study was able to reveal the in vivo ability of the vegetable Utazi
(Gongrenema latifolium), which could modulate the activities of key
enzymes such as AChe, BChe, and MAO and to increase the level of
endogenous antioxidant relevant to neurodegeneration. This vegetable
could offer possible dietary intervention to manage oxidative stress and
neuronal pathology.
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7.5 SUMMARY

The study in this chapter seeks to determine the neuroprotective ability
of the vegetable Gongronema latifolium commonly called Utazi by Igbo
Arokeke by Yoruba in Nigeria. It is a tropical rain forest plant from Ascel-
epindaceae family. Utazi formulated diet 2% and 4% was used to feed
the Wistar male rat for 21 days in different groups and a known control
drug Donepezil was used as a positive control. Cyclophosphamide (75
mg/kg wt) was used to induce damage in the brain of the rats for 24 h
before termination of the experiment, leading to a neurodegenerative state.
Cholinesterases (acetylcholinesterase (AChE) and butyryl cholinesterase
(BChE)) and monoamine oxidase (MAO) activities were determined,
together with endogenous antioxidant such as SOD, GPX, and Vitamin
C. The ability of the diet supplement to scavenge thiobarbituric acid reac-
tive species (TBARS) in brain tissue was assessed. Alkaloid profile was
also determined using gas chromatography coupled with flame ionization
detector (GC-FID).

The results showed that the diet was able to modulate the effect of
cyclophosphamide-induced damage on the enzymes assayed linked to
neurodegeneration in the brain when compared to the induced group.
However, treatment with 2% inclusion showed the best results, and it was
observed that 4% inclusion of the Utazi supplemented diet to normal rat
brought about reduction in SOD and Vitamin C activity. Thirty-one differ-
ent alkaloids were found from the GC-FID with a total of 6.30 mg/100 g,
while Choline had the highest concentration of 6.19 mg/100 g. Thus, Utazi
apart from serving as a type of vegetable goes beyond nutritional benefits
to express useful pharmacological actions.

There are some molecular mechanisms underlying the possible neu-
roprotective properties of Gongronema latifolium. It was observed that
choline was the highest alkaloid present, which can be isolated and used
for the molecular studies of neuronal pathology. This is a future prospect
for this vegetable.
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8.1 INTRODUCTION

Since human existence on this planet, man has been surrounded by a wide
array of plants that serve numerous purposes such as food and source of
oxygen that sustain life. The importance of plants in the maintenance of
health is increasingly recognized to the extent that the line between food
and medicine could not, sometimes, be demarcated. For instance, Allium
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sativum (garlic) is a world-renowned medicinal plant species, but at the
same time, it has been used for flavor in the food industry and is also one
of the best natural antibiotics known in traditional medicine [121]. Plants
play an important and unique role in disease prevention and management.

It has been scientifically demonstrated that eating certain vegetables
with antioxidant properties, especially those that belong to the Brassica-
ceae group like cabbage (Brassica oleracea L) or certain Liliaceae such as
garlic or onion has the capacity to resist the development of some degen-
erative diseases such as cancer or other diseases of the circulatory system
[115]. Lycopene, a flavonoid that is present in tomatoes, has a great capac-
ity to prevent or delay the advancement of cancers [64]. Similarly, apples
(Malus domestica Borkh) and water melon (Cucumis melo), due to their
antioxidant composition, guard the digestive system from colorectal can-
cer [43]. In addition, oranges (Citrus sinensis), lemon (Citrus limonum),
and other citrus fruits are very rich in vitamin C and pectin, and have
shown protective ability on the digestive system against diseases such as
cancer [79].

Medicinal plants have been used to treat various diseases. In devel-
oped countries like United States, a significant number of Americans
use medicinal plants to fight against certain diseases. Some years back,
an estimated 25% of prescriptions contained plant-derived active ingre-
dients, and the number of visits to providers of traditional medicine
exceeded by far the number of visits to all primary care physicians [68,
134]. In Pakistan, it is estimated that about 52% of the population chose
complementary and alternative medicine to take care of themselves of
illnesses [118]. In Japan, 60-70% of allopathic doctors prescribe tra-
ditional medicines for their patients. In China, traditional medicine
accounts for about 40% of all healthcare treatments [133, 135]. Dur-
ing 2014-2016, there has been a resurgence of interest in the field of
herbal medicine known as phytotherapy. This is presumed to be due to
better knowledge of plants, advancement in science and technology,
whereby modern processes like high performance liquid chromatog-
raphy (HPLC), gas chromatography (GC), thin layer chromatography
(TLC), atomic absorption spectrophotometry (AAS), X-ray crystallog-
raphy, and nuclear magnetic resonance spectroscopy (NMR) are now
readily available to identify, quantify, and even determine the structure



Therapeutic Potentials of Selected Medicinal Plants 189

of the active principles in crude plant extracts. It could also be as a result
of the increasing side effects of conventional drugs, the treatment failure
rates, and high cost of these drugs that make people to seek alternative
and/or complementary medicine.

This review focuses on the research on medicinal plants, with a view to
elucidate the need for further empirical research, specifically on Phyllan-
thus amarus as the focus plant and provision of in-depth scientific knowl-
edge, especially on its antidiabetic and antioxidant potentials. It will also,
in no doubt, stimulate research initiatives into the production of afford-
able and effective remedy from this plant, for the management of diabetes
mellitus (DM) among the low income and middle economic settings and
countries in Africa [137].

8.2 DIABETES MELLITUS

DM has been described as a group of metabolic disorders of carbohydrate
metabolism in which glucose produced is being underutilized, thereby
resulting in excess glucose in the blood stream, a condition called hyper-
glycemia [22]. It has also been noted that if DM is left untreated, some
individuals may experience acute life-threatening hyperglycemic episodes
such as ketoacidosis or hyperosmolar coma. As the disease progresses,
individuals are prone to come up with specific complications including
retinopathy (potentially leading to blindness), renal failure, neuropathy
(nerve damage), and atherosclerosis (which may result in stroke, gan-
grene, or coronary artery disease) [22]. Manifestations of DM include loss
of body weight, excessive hunger (polyphagia), excessive thirst (polydip-
sia), and high frequency of urination (polyuria).

According to Karuna et al. [61], diabetes mellitus is characterized by
chronic hyperglycemia, resulting from defects in insulin secretion and/or
action, leading to disruptions in carbohydrate, lipid, and protein metabo-
lism. Cardiovascular disease (CVD), a complication of diabetes mellitus,
is the leading cause of morbidity and mortality in individuals with diabe-
tes and 65% of deaths are traceable to heart disease or stroke [73]. The
risk of myocardial infarction (MI) is high in patients with DM. Suggested
possible mechanisms include insulin resistance, changes in endothelial
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functions, dyslipidemia, chronic inflammation and release of mediators of
inflammation, procoagulability, and impaired fibrinolysis.

Growing evidence suggests that complications related to diabetes are
associated with oxidative stress, induced by generation of free radicals
[78]. The complications arising from chronic, prolonged hyperglycemia,
as seen in uncontrolled diabetes mellitus, could cause damage to blood
vessels and peripheral nerves, and could greatly increase the risk of heart
attack. High blood cholesterol, triglycerides with increased atherogenic
index has been implicated as an important risk factor for cardiovascular
diseases particularly in diabetic patients [76]. Studies have also shown that
patients with DM have increased risk of atherosclerotic vascular disease,
and major advances in understanding its pathogenesis have been made
[108]. There are suggestions that endothelial injury may be the initial
event in the etiology of atherosclerosis, followed by platelet adhesion and
aggregation at the site of injury.

It has been reported that in diabetes, evidence of endothelial dysfunc-
tion is present. Smooth muscle cell proliferation is an important patho-
logical finding in atherosclerosis. Lipid accumulation in the area of the
atherosclerotic lesion is mainly in the form of intracellular and extra-
cellular esterified cholesterol. In uncontrolled diabetes, elevated plasma
low-density lipoprotein cholesterol (LDL) levels and decreased plasma
high density lipoprotein cholesterol (HDL) levels favor lipid deposition
in large vessels. Evidence of a thrombotic state is seen in some patients.
Together, these abnormalities of endothelial, platelet, smooth muscle,
lipoprotein, and coagulation characteristics may be viewed as contribu-
tors to the problem of increased risk of atherosclerosis in diabetes. Fur-
thermore, it is well documented that diabetic nephropathy (DN) is the
chief cause of morbidity and premature mortality in patients with insu-
lin—dependent DM [60].

Rao et al. [112] also identified DN to be the leading cause of chronic
kidney disease and end-stage renal failure worldwide. They observed that
DN patients experienced more oxidative stress than type 2 DM without
DN. The authors concluded that elevated malondiadehyde and decreased
glutathione peroxidase levels observed in DN are due to oxidative stress,
while elevated levels of glycated hemoglobin (HbAlc) and micro-albu-
minuria seeniin DN are due to prolonged hyperglycemia. The elevated total
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protein levels observed in DN may be due to increased protein catabolism,
while the increased urea and creatinine levels seen in diabetic patients are
due to renal dysfunctions.

8.2.1 PREVALENCE OF DIABETES MELLITUS

The report released by the World Health Organization (WHO) indicated
that the worldwide prevalence of diabetes was estimated to be 2.8% in
2000; this was forecasted to increase to 4.4% by 2030. As such, the total
number of people with diabetes was projected to rise from 171 million in
2000 to 366 million in 2030 [113]. Besides, Shaw et al. [119] projected
that the number of adults affected from 285 (6.4%) million adults in 2010
would rise to about 439 million (7.7%) adults by 2030. In contrast, the
estimated prevalence of diabetes in Aftrica is 1% in rural areas and ranges
from 5% to 7% in urban sub-Saharan Africa [119].

Nigeria, with a population of about 158 million people, is the most
populous country in Africa [136], with more than 1.56 million cases of
diabetes in Nigeria in 2015 [51]. South Africa with a population of 53 mil-
lion persons reported a total number of cases of adults (20-79 years) with
diabetes at 2,286,000 in 2015. The highest prevalence of DM in South
Africa is among the Indian population (11-13%) as this group is assumed
to have strong genetic tendencies for diabetes. This is followed by 8—-10%
among the colored community, 5-8% among blacks, and 4% among the
whites [25].

8.2.2 PATHOGENESIS OF DM

Most type 1 DM results from a cellular—-mediated autoimmune destruction
of the insulin-secreting cells of pancreatic B-cell [63], and this in turn,
results in absolute insulin deficiency [36]. In most patients, the destruc-
tion is mediated by T-cells. Type 1 DM accounts for about 5-10% of all
newly diagnosed DM cases [ 14]. On the other hand, insulin resistance and
B-cell dysfunction are pathological defects in patients with type 2 diabe-
tes. Insulin resistance, being a reduced ability of the insulin to act on the
peripheral tissue, prevents glucose uptake. This is thought to be the main
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underlying pathological process. B-cell dysfunction is an inability of the
pancreas to produce sufficient insulin to make up for the insulin resistance.
It remains the most common form of DM and constitutes about 90-95% of
all diabetic cases [14].

It is not clear whether type 2 diabetes is mainly due to a defect in
B-cell secretion, peripheral resistance to insulin, or both. However,
there are data to support the concept that insulin resistance is the main
defect that comes before the derangement in insulin secretion and clini-
cal diabetes. Although there is lack of agreement, it is clear that type 2
diabetes is an extremely heterogeneous disease and that no single cause
is enough to explain the progression from normal glucose tolerance to
diabetes [21].

8.2.3 DM VERSUS OXIDATIVE STRESS

Oxidative stress occurs when the production of reactive oxygen species
(ROS) overpowers the antioxidant defense mechanisms, thereby leading
to cellular damage [126]. With a view to enhance the understanding of the
pathologic process, the role of oxidative stress in diabetic complication
has been reported [91]. Furthermore, hyperglycemia has been reported to
induce oxidative stress among diabetic subjects. During this process, ROS
are produced by oxidative phosphorylation. More so, DM is known to
increase the risk of developing cardiovascular disease nearly five-folds
[22]. Consequently, hyperglycemia and insulin resistance are therefore
noted to trigger oxidative stress in the diabetic myocardium that cannot
adapt to ischemia reperfusion [15].

Table 8.1 summarizes the common African medicinal plants scien-
tifically investigated for their antidiabetic activities in animal model and
humans according to geographical regions.

8.3 MATERIALS AND METHODS

Google Scholar and PubMed databases were searched in order to obtain
materials for this review on the therapeutic potential of selected medicinal
plants for the management of diabetes mellitus between January 2000 and
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TABLE 8.1 Common African Medicinal Plants Scientifically Investigated for Their
Antidiabetic Activities in Animal Model and Human [Adapted from ref. 84.]
Scientific name Common name Parts of plants Refer-
studied ences
West Africa
Allium cepa Onion Bulb [38, 106]
Allium sativum Galic Bulb [38,99]
Anacardium occidental Cashew Leaf [39, 129]
Azadirachta indica Neem Leaf [47, 67]
Carum carvi Caraway Fruit [34, 35]
Gongronema latifolium Amaranth globe, Utazi  Root/stem [2,92,
104]
Hibiscus sabdariffa L. Red sorrel Calyces [3, 122]
Indigofera pulchra L. Indigofera Leaf [125]
Moringa oleifera Horseradish Leaf [27]
Nauclea latifolia Bishop’s head Root/stem/ [41, 138]
Leaf
Occimum gratissimum African/clove basil Leaf [28, 85,
102]
Parkia biglobosa jacq African locust bean Seed [94]
Phyllanthus amarus Stone breaker/gulf leaf  Root/stem/Leaf [4, 48,
flower 105,109]
Picralima nitida Picralima Pulp/seed [9, 53]
Telfairia occidentalis Hook f.  Fluted pumpkin Seed [101]
Vernonia amygdalina Bitter leaf Leaf [12, 18,
82]
Zingiber officinale Ginger Rhizome [17, 85,
107]
North Africa
Ajuga iva L. Herb ivy Whole plant [46, 50]
Allium cepa Onion Bulb [33, 124]
Balanites aegyptiaca Desert date /Hegleg Fruits [33, 116]
Carum carvi Caraway Fruit/oil [24, 26,
72]
Charmaemelum nobile Charmomile Aerial parts [71]
Morus alba White mulberry Leaf/Root/bark [31, 32]
Nigella sativa Black seed Seed [20, 83]
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TABLE 8.1 (Continued)
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Scientific name

Common name

Parts of plants Refer-

studied ences
Ziziphus spira Christi Christ’s Thorn Jujube Leaf [45, 81]
Southern Africa
Artemisia afra jacq African wormwood Leaf [7, 8]
Bryophyllum pinnatum Lam. — Good luck/ life plant Leaf [96]
Catharanthus roseus L.G Madagascar periwinkle —Leaf [98]
Don
Hypoxis hemerocallidea African potato Corm [75,97]
Raphia gentiliana De wild - Fruit [86]
Sclerocarya birrea A. Rich Jelly plum Stem/bark [40, 88]
Hochst
Sutherlandia frutescens R. Cancer brush Leaf [23, 74]
Central Africa
Bersama agleriana Winged bersama Leaf [93,132]
Dichrostechys glomerata Chinese lantern Seed [69]
chiov
Dracena arborea Wild Dragon tree Root [131]

Kalanchoe crenata Andr Haw  Never ride Whole plant [58]
East Africa

Aspilla pluriseta schweinf’ Dwarf aspilia Root [90]
Catha edulis vahl Bushman’s tea Root [90]
Moringa stenopetala Baker F.  Cabbage tree Leaf [89]

March 2016. The following key words were used in the search: therapeutic
potential, medicinal plants, diabetes mellitus, Phyllanthus amarus, anti-

oxidant, and inflammation.

8.4 SELECTED AFRICAN MEDICINAL PLANTS WITH
ANTIDIABETIC POTENTIALS

Several investigators have reported the antidiabetic activities of medicinal
plants of African origin. Some of these have been highlighted and are pre-
sented in this section [62, 95].
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8.4.1 AJUGA IVA L.SCHREIBER (MEDIT): LAMIACEAE

It has been shown that repeated oral administration of the water extract
of Ajuga iva L. at a dose of 10 mg/kg resulted in a significant decrease
in plasma glucose levels in normal rats 6 hours after administration and
after 3 weeks of treatment. This reduction in glucose level continued to
normality, which makes the investigators to conclude that A. iva (Figure
8.1) possesses a strong hypoglycemic effect in diabetic rats and supports its
traditional use in DM control [49].

8.4.2 ALLIUM CEPA L. (ONION): LILIACEAE

Studies on different ether soluble portions as well as insoluble parts of
Allium cepa powder show antihyperglycemic activity in diabetic rabbits.
Onion (Figure 8.2) is also known to have antioxidant and hypolipidemic
activity [62]. Administration of sulfur-containing amino acid, S-methyl
cysteine sulfoxide (SMCS) @ 200 mg/kg for 45 days to alloxan-induced
diabetic rats significantly reduced blood glucose as well as lipids in serum
and tissues. The onion plant restores the activities of liver hexokinase, glu-
cose 6-phosphatase, and HMG-coA reductase to their normal levels [70,
114]. Besides, when diabetic patients were administered with a single oral
dose of 50 g of onion juice, it significantly controlled post-prandial glucose
levels [77].
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FIGURE 8.2 Onion bulb.

8.4.3 ALLIUM SATIVUM L. (GARLIC): LILACEAE

Garlic (Figure 8.3) is an all year-round herb that is widely grown in Africa
and India [111]. A study showed that oral administration of garlic extract sig-
nificantly lowered serum glucose, total cholesterol, triglycerides, urea, uric
acid, creatinine, AST, and ALT levels, while it raised serum insulin levels in
diabetic rats but not in normal rats. Further, the extract was found to be more
potent than the standard, oral antidiabetic drug, glibenclamide. This made the
plant a superior candidate of choice for future research on DM [29].

FIGURE 8.3  Garlic.
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8.4.4 ALOE BARBADENSIS MILL.: LILIACEAE

Chronic treatment of exudates of Aloe barbadensis leaf showed the hypo-
glycemic effect in alloxanized diabetic rats. Single as well as chronic doses
of the bitter active ingredient of the same plant also showed hypoglycemic
effect in diabetic rats. This action is through stimulation of synthesis and/
or release of insulin from pancreatic beta cells [10].

8.4.5 ALOE VERA (L) BURM.: ASPHODELACEAE

Aloe vera (Figure 8.4) gel at 200 mg/kg possesses significant anti-dia-
betic, cardioprotective activity, reduces the increased TBARS, main-
tains the superoxide dismutase and catalase activity up to normal levels,
and increases reduced glutathione by four times in diabetic rats [55].
The leaf pulp extract showed hypoglycemic activity in insulin-depen-
dent DM (IDDM) and noninsulin-dependent DM (NIDDM) rats, the
effectiveness being enhanced for type 2 diabetes in comparison with
glibenclamide [100].

FIGURE 8.4 Aloe vera plant.
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8.4.6 ARTEMISIA HERBA-ALBA ASSO (MED): ASTERACEAE

Oral administration of an aqueous extract (0.39 g/kg) of the leaves or barks
of Artemisia herba-alba (Figure 8.5) plant significantly reduced blood glu-
cose level. However, the aqueous extract of roots and the methanolic extract
of the aerial parts of the plant produced almost no significant reduction in
blood glucose level. The extract of the aerial parts of the plant seems to
have minimal adverse effect and high LD, value [57]. In another study, it
was reported that 15 patients with DM were treated with Artemisia herba-
alba extract (AHE). Results showed that AHE caused considerable lower-
ing of elevated blood sugar, and 14 out of 15 patients had good remission of
diabetic symptoms with the use of AHE. It is concluded that AHE contains
material capable of reducing raised blood sugar in DM [13].

8.4.7 BRYONIA ALBA L.: CUCURBITACEAE

Administration of trihydroxy actadecadienoic acids obtained from the
roots of the native Armenian plant B. alba L. (@ 0.05 mg/kg/day for 15
days Lin.) restores the disordered lipid metabolism of alloxan-induced
diabetic rats. Metabolic changes induced in diabetes significantly restores
to their normal values with the exception of diminished triglyceride con-
tent of muscle, which was not restored. Thus, the extract can influence the
profile of the formation of stable prostaglandin by actions downstream of
prostaglandin endoperoxides [59].
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8.4.8 CARUM CARVI L. (CC): APIACEAE AND CAPPARIS
SPINOSA (CS): CAPPARIDACEAE

After a single dose or 14 daily doses, oral administration of the aqueous
CC and CS extract (20 mg/kg) produced a significant decrease in blood
glucose levels in STZ-induced diabetic rats and reduced it to nearly nor-
mal after 2 weeks. However, there was no significant increase in blood
glucose level or basal plasma insulin concentration in normal rats after
both acute and chronic treatments with CS and CC [26].

8.4.9 CORIANDRUM SATIVUM L.: APIACEAE

Administration of coriander seed extract (200 mg/kg) significantly
increased the activity of the beta cells in comparison with the diabetic
control rats; decreased serum glucose in streptozotocin-induced diabetic
rats; and released insulin from the beta cells of the pancreas [30]. The
extract shows antihyperglycemic, insulin-releasing and insulin-like activ-
ity [42].

8.4.10 CYAMOPSIS TETRAGONOLOBA (L) TAUBERT.:
PAPILIONACEAE

The aqueous extract of beans at 250 mg/kg of body weight significantly
reduced blood glucose levels in alloxan-induced diabetic rats within 3
hours of administration. Continuation for 10 days produced significant
reduction in the blood glucose level with marginal activity in normal and
glucose-loaded rats [87].

8.4.11 DIOSCOREA DUMETORUM (KUNTH) PAX.:
DIOSCOREACEAE

At a dose of 20 mg/kg, the fasting blood glucose in normoglycemic rab-
bits was reduced from 112 to 55 mg/dL after 4 hours. In alloxan-induced
diabetic rabbits, the blood glucose was lowered from 52 to 286 mg/dL after
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the same time interval. The aqueous fraction of the methanol extract pro-
duced comparable effects at 100 mg/kg. The chloroform fraction elevated
the fasting blood glucose of normal rabbits to 196 mg/100 mL after 6 hours.
The hypoglycemic effects are comparable to those of tolbultamide [54].

8.4.12 GARCINIA KOLA HECKEL: CLUSIACEAE

Kolaviron (Figure 8.6), a mixture of c-3/c-8 linked bioflavonoids obtained
from Garcinia kola, produces significant hypoglycemic effects. It has been
reported that fractions obtained from kolaviron reduced blood glucose lev-
els in streptozotocin-induced diabetic (STZ-diabetic) rats within 4 hours of
oral administration and showed positive effects on the plasma lipid profile
of diabetic animals [1]. At a dose of 100 mg/kg, the fasting blood glucose
in normoglycemic rabbits reduced from 115 to 65 mg/dL after 4 hours:
In alloxan-induced diabetic rabbits, the blood glucose was lowered from
506 to 285 mg/dL after 12 hours. It has also been documented that kola-
viron (100 mg/kg) treatment significantly ameliorated hyperglycemia and
liver dysfunction. In this study, it was noted that serum levels of hepatic
marker enzymes were significantly reduced in kolaviron-treated diabetic
rats. Besides, kolaviron prevented diabetes-induced increase in hepatic
levels of pro-inflammatory cytokines, interleukin (IL)-1 beta, IL-6, tumor
necrosis factor (TNF-a), and monocyte chemotactic protein (MCP-1) [19].

FIGURE 8.6 . Kolaviron.
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8.4.13 GONGRONEMA LATIFOLIUM END L.:
ASCLEPIADACEAE

The aqueous extract of G. latifolium significantly increased the activities
of hepatic hexokinase and decreased the activities of glucokinase but did
not produce any change in the hepatic glycogen and glucose content of
diabetic rats [127]. In this study, the effect of oral administration of aque-
ous and ethanolic extracts is shown to increase the activity of superoxide
dismutase and the level of reduced glutathione. The aqueous extract fur-
ther increases the activity of glutathione reductase, while the ethanolic
extract caused a significant increase in the activity of glutathione peroxi-
dase and glucose-6-phosphate dehydrogenase and a significant decrease in
lipid peroxidation. These results suggest that the extract from G. latifolium
leaves could exert their antidiabetic activities through their antioxidant
properties [128].

8.4.14 HYPOXIS HEMEROCALLIDEA CONN. CORM
(AFRICAN POTATO): HYPOXIDACEAE

At a dose of 800 mg/kg, the plant extract of Hypoxis hemerocallidea (Fig-
ure 8.7) has been reported to cause 30.20% and 48.54% reductions in the
blood glucose concentration of fasted normal and STZ-induced diabetic
rats, respectively, thus indicating hypoglycemic activity [75].

FIGURES8.7  Hypoxishemerocallidea.
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8.4.15 TELFARIA OCCIDENTALIS HOOK: CUCURBITACEAE

The aqueous extract of this plant given orally in 1 g/kg to mice 60 mins
before glucose administration reduced the blood glucose level from day
two when compared with that of chlorpromide (200 mg/kg) under the same
conditions. The results indicated that the aqueous extract of the leaves of
T. occidentalis possess hypoglycemic activity [5].

8.4.16 MORINGA OLEIFERA

Moringa oleifera (Figure 8.8) is a popular food plant with much medici-
nal usefulness that includes the treatment of diabetes [80]. Various parts
of the plant have shown to have antidiabetic potential [16]. In severely
diabetic animals, 200 mg/kg aqueous leaf extract of M. oleifera reduced
fasting blood glucose level by 69.2% after 3 weeks of treatment and also
significantly reduced urine glucose [56]. The progression of diabetes was
significantly reduced in STZ-induced diabetic rats treated with methanolic
extract of M. oleifera pods [44].

8.4.17 VERNONIA AMYGDALINA

Alcoholic extract of Vernonia amygdalina (Figure 8.9) has been reported
to significantly improve glucose tolerance in STZ-induced diabetic rats,

FIGURE 8.8 Moringa oleifera plant.
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FIGURE 8.9 Bitter leaf.

to decrease fasting blood glucose, and to show a protective effect on
pancreatic beta cells, thereby causing a slight increase in insulin level in
STZ-induced diabetic rats [103]. The same authors also reported that V.
amygdalina increased the expression of GLUT-4 in rat skeletal muscle
and its translocation to the plasma membrane. Further, some investigators
have reported that the extract of Vernonia amygdalina improved biochem-
ical and hematological parameters in diabetic rats. Combination of extract
with metformin at various ratios showed that the ratio of 1:2 (extract: met-
formin) caused the most significant (P<0.05) reduction in blood glucose
(66.07%) compared to that in control [6, 11].

8.4.18 PHYLLANTHUS AMARUS SCHUM AND THONN

Phyllanthus amarus (PA) is a traditional Ayurveda herb used in Southern
India but also commonly found in the Philippines, Cuba and southwestern
Nigeria. This plant has been used in traditional medicine for more than
3,000 years [4, 123]. The herb belongs to the Euphorbiaceae family and
has been used in folk medicine to treat quite a number of diseases. It is
commonly called “carry me,” “stone breaker,” “wind breaker,” “gulf leaf
flower,” or “gala of wind.” This plant (Figure 8.10) possesses antidiabetic,
antioxidant, and anti-inflammatory properties.

In recent time, there is a renewed interest in this medicinal plant, per-
haps due to better knowledge of its potential benefits and advancement in
science and technology. Increase in the side effects of conventional drugs
and treatment failure rates that led to high cost of healthcare could also be
another factor.

29 ¢ 99 ¢
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FIGURE 8.10 Freshly plucked leaves of Phyllanthus amarus.

8.4.18.1 Traditional Uses of Phyllanthus amarus schum and thonn

PA herb has been found to be traditionally useful in several health prob-
lems such as diarrhea, dysentery, dropsy, jaundice, intermittent fevers,
urinogenital disorders (such as kidney problems, urinary bladder distur-
bances, gonorrhea), skin disorders (like wounds, scabies, sores, ulcers,
itching, edema, ringworms, and tubercular ulcers, scabby), and crusty
lesions [123]. Its effect in the excretory system is found to be due to its
antiurolithic property and is used in the treatment of kidney or gallstone,
other kidney-related problems, appendicitis, and prostate problems [65,
117, 130]. Because of its efficacy in the treatment of gastrointestinal dis-
orders, it is used in the treatment of disorders such as dyspepsia, colic,
diarrhea, constipation, and dysentery. The herb has been used in several
gynecological conditions such as leucorrhoea, menorrhagia, and mam-
mary abscess. In southwestern Nigeria, water decoction of the leaf and
seed of PA is reputably used for the local management of DM, obesity,
and hyperlipidemia [4]. It has also been reported that oral administration
of ethanolic leaf extract (400 mg/kg) for 45 days resulted in a significant
(P<0.05) decline in blood glucose and significant recovery in body weight
of diabetic mice [20].
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8.4.18.2 Antidiabetic and Antioxidant Activities of PA

A study shows that oral antihyperglycemic action of 150600 mg/kg/day
of ethanolic extract of PA were evaluated in normal and 10% sucrose-
induced insulin resistance using indicators such as fasting blood glucose,
insulin, and insulin resistance indices [4]. In this study, body weight, serum
lipid profile, and atherogenic indices were also measured. The results
showed that PA could effectively control glucose level in DM mediated
via improvement in insulin resistance, thus supporting its ethno-medical
use in the local management of DM.

Another study investigated PA in an experimental model, where fasted
rats were induced diabetes by a single intraperitoneal injection of 120 mg/
kg of alloxan monohydrate, and two doses of the aqueous and hydro-alco-
holic extract of PA were then administered orally and were compared to
the normal control group that received distilled water only. After 15 days
treatment, the results demonstrated that the aqueous and hydro-alcoholic
extract of PA decreased the blood glucose level significantly. Serum analy-
sis of the PA-treated experimental animals showed an increase in insulin
and a reduction in the malondialdehyde concentration, therefore demon-
strating the potential anti-diabetic property of the aqueous and hydro-alco-
holic extract of PA [37].

Kiran et al. [66] showed that the methanolic extract of PA inhibited lipid
peroxidation and scavenged hydroxyl and superoxide radicals. Because
free radicals are linked with diabetes, scavenging of free radicals could be
one of the mechanisms of action [110]. Further experimental studies are,
however, needed in order to isolate chemical constituents and their mecha-
nisms of action. In a study that evaluated PA and phyllanthin, the DPPH
free radical scavenging activity was seen to be concentration dependent
and reaches maximum at a concentration of 20 mol/mL for phyllanthin
and 300 g/mL for PA extract [123]. This finding suggests a strong antioxi-
dant potential of PA.
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8.5 FUTURE PROSPECT AND RESEARCH INITIATIVES

There is a general belief that because medicinal plants are “natural,” they are
safe and have no side effects and as such they are innocuous. In the opinion
of authors of this chapter, the removal of extraneous substances (from the
plants which might have been added, thereby causing their adulteration),
right medicinal preparations and proper understanding of plants and drug
interactions could reduce potential adverse reactions. Further, proper and
extensive double-blind clinical trials are needed to determine safety and
efficacy of each plant before they can be recommended for medical use.
It has been observed that in sub-Sahara Africa, there has been very scanty
empirical data on the effect of PA on male reproduction, inflammation, and
apoptosis. Therefore, future studies will fill some gaps in the knowledge on
male reproduction and on gene expression of diabetic rats that are adminis-
tered with PA by studying the apoptotic pathway where expression of cas-
pase-8, BAD, BAX, and Bcl-X| as well as GLUTs would be assessed using
western blot. Apart from the serum levels of inflammatory biomarkers such
as MCP-1, vascular endothelial growth factor (VEGF) and interleukins (IL-
1, IL-2, IL-6, and IL-8) could be evaluated. The following proteins could
also be assessed using western blot: inducible nitrogen synthase (iNOS)
and tumor necrotic factor-R1 (TNF-R1).

8.6 SUMMARY

Many synthetic, hypoglycemic agents or drugs have been developed for
the treatment and management of various diseases, including diabetes mel-
litus. However, despite the advent of these various drugs, there have been
reported cases of side effects, limited action, and increased treatment failure
rates, which obviously could lead to high cost of treatment and loss of valu-
able manpower hours. In the light of these limitations, there is a need for
cheaper but effective remedies that could either serve as an alternative and/
or complimentary medication for the treatment and management of these
diseases, especially in the upper middle, lower-middle, and low-income
economies into which most sub-Sahara African countries come under.
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Extracts from Phyllanthus amarus schum and thonn have been reported
to possess antimicrobial, antidiabetic, anti-inflammatory, antioxidant,
and other beneficial health properties. This review is therefore aimed at
examining the research on this plant, with a view to elucidate the need for
further empirical research and provision of in-depth scientific knowledge
on its antidiabetic, anti-inflammatory, and antioxidant potentials. It is our
opinion that it will stimulate research initiatives into the production of
affordable and effective remedy for the management of diabetes mellitus.
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9.1 INTRODUCTION

Medicinal plants are plants with potency to prevent and ameliorate spe-
cific ailment and pathological conditions [64, 65]. Apart from the well-
known fact that plants serve as a source of food, they arealso used for
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medicinal purposes [47]. Many of these plants are used as spices and local
remedies and sometimes added to foods for supplementation or as treat-
ment regimens [73].

Medicinal plants are of great importance to health of individuals and
communities [31]. The medicinal value of plants is attributed to certain
bioactive chemical substances present in those plants; which produce defi-
nite physiological actions in the human body [31]. Some of the bioactive
constituents in plants that are of high importance include alkaloids, tan-
nins, flavonoids, and phenolic compounds [86], and they elicit antioxi-
dant, anticancer, anti-inflammatory, and antimalarial properties amongst
many others [25]. These bioactive constituents are often referred to as
phytochemicals.

This review is aimed at providing an overview of the medicinal proper-
ties and potentials of Anchomanes difformis.

Anchomanes difformis is a plant with many reported therapeutic prop-
erties [1, 70, 72, 74], and it is commonly used in traditional medicine to
treat diseases with pathogenesis linked to oxidative stress among other
factors [75]. 4. difformis (Blume) is a species of flowering plants in the
family Araceae, a herbaceous plant with prickly stem (up to 2 cm high)
having huge divided leaf and spathe that arise from a horizontal tuber
(which could be up to 80 cm long and 20 cm wide) growing as wild yam
in the moist and shady places of tropical African forest [5]. It is preva-
lent in West African countries such as Ghana, Ivory Coast, Nigeria, Togo,
Sierra Leone, Senegal, and Guinea [1] and is also found in southern-trop-
ical Africa: Zambia and Angola [24]; Tanzania and Uganda. 4. difformis
has a wide range of local names, which is based on the location (Figure
9.1) [32]:

* in Ghana, atde, nyame kyin (FANTE), lukpogu (DAGBANI);

* in Ivory Coast, niamé kwanba (BAULE), eupé, niamatimi (AKAN-
ASANTE), kohodié (ABURE), alomé (AKYFE), tupain (ANYI);

* in Nigeria igo ldngbodo, ogiriosako (YORUBA), oje, olumahi
(IGBO), chakara, hantsar gadaa, hantsar giawaa (HAUSA), eba
enan (EFIK);

* in Senegal, éken (DIOLA);

* in Sierra Leone, a-thonbothigha (TEMNE), kalilugho (MENDE-
KPA), alatala-kunde-na (SUSU-DYALONKE);
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FIGURE 9.1 Anchomanes difformis: Left — leaves; Right — Rhizome.

* in Togo, nau (TEM);
* in Zambia, Kabaka-kachulu (LUNDA).

9.1.1 FOLKLORIC USES OF A. DIFFORMIS

Medicinal plants have been used for various traditional purposes varying
from one community to another. Majority of people especially from the
underdeveloped and developing countries rely on traditional plant usage
for their day-to-day healthcare needs [32, 41], mostly due to the high cost
of conventional health care or side effects of drugs. A. difformis has been
reported for its wide range of traditional uses, some of which have been
scientifically proven and confirmed. Different parts of the plants (leaves,
stem, and tuber) are used to treat diverse ailments [37, 71].

The decoction from the leaves of A. difformis is traditionally used
as an antibacterial agent particularly against Staphylococcus aureus in
northern Nigeria [10]; to ameliorate pain and inflammation [1]; and in
the treatment of cough, ulcer, and asthma in southern Nigeria [45]. The
rhizome has been used for the treatment of many disease conditions in
various parts of the world, and commonly in Africa. In Ivory Coast, it
is considered to be a powerful purgative, and it is used to treat edema,
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control complications during child delivery, and as an antidote to poison
as well as a strong diuretic for treating urethral discharge, jaundice, and
kidney pains [8]. In Nigeria, the peeled tuber soaked in water is used
for treating cases of dysentery and diarrhea [32]. In some parts of Africa
such as Tanzania, the juice from the root tuber is used as eye drops in
the treatment of river blindness [39]. The decoction from the tuber is
used to treat cough, diabetes, dysentery, and throat-related conditions
[75]. Most of the ethno-medicinal uses of A. difformis have been scien-
tifically proven and established (Table 9.1).

9.1.2 NUTRITIVE VALUE OF A. DIFFORMIS

The leaves of A. difformis are consumed as a vegetable in some states
in Nigeria [66, 71] and some other West African countries. Proximate

TABLE 9.1 Scientific Confirmation of Some Folkloric Uses of A. difformis

Folklore uses Parts of plants used Reference

(scientifically proven)

Anti-asthma Rhizome (aqueous fraction) [70]

Anti-diabetes Leaf (ethanolic extract) [3]
Rhizome (ethanolic extract) [2]

Anti-inflammation Leaf (ethanolic extract) [1]

Anti-malarial Rhizome (methanolic, aqueous and dichloro-  [19]
methane fractions)

Anti-microbial Leaf and rhizome (Ethanol: methanol: water) [32]
Leaf and rhizome extracts [7]

Anti-onchocercal (river Rhizome (methanolic extract) [63]

blindness)

Anti-trypanosomal Rhizome(dichloromethane extract) 20

[

Aqueous and methanolic fractions [

Anti-ulcer and gastro- ~ Rhizome (ethyl acetate extract) [
protective Leaf and rhizome (Ethanol: methanol: water) [32

Dysentery and diarrhea  Leaf and rhizome (Ethanol: methanol: water) [

Pain killer/ analgesic Leaf (ethanolic fraction) [

[

Rhizome (ethanolic fraction)
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analysis carried out on the leaves revealed that it contains carbohydrate
58.63%, crude protein 30.55%, crude fiber 14.77%, fat and oil 0.49%, ash
11.71%, and moisture 12.39% [76]. The crude protein content (30.55%)
of A. difformis leaves is found to be relatively higher when compared with
some other vegetables such as Momordica balsamina (11.29%), Moringa
oleifera (20.72%), Lesianthera africana leaves (13.10-14.90%), Ocimum
gratissimum (8.00%), and Hibiscus esculentus (8.00%) [9, 68]. The high
protein value in the leaves of 4. difformis suggests a potential source of
plant protein and therefore can be used as protein supplement in diet.

A. difformis is also considered to be rich in essential minerals [11].
Essential mineral elements play significant roles in human nutrition and
metabolism [87], and their deficiencies could lead to anemia (iron), low
glucose tolerance and liver necrosis (selenium), hypersensitivity (chlo-
ride), and reduced fertility (lithium) [92]. Certain macro elements play
physiological roles such as structural (calcium in bones, iron in heme,
phosphorus in phospholipids and nucleic acids), catalytic (magnesium)
and signal transduction; and calcium in nerve and muscular cells [67].
Potassium, sodium, and chlorine are essential for the maintenance of
osmotic balance between cells and the interstitial fluid [87, 92].

Other micro elements such as manganese and copper serve as co-fac-
tors of certain enzymes and are indispensable in numerous biochemical
pathways that are essential for the normal functioning of the cell [87].
These include protein synthesis, carbohydrate metabolism, cell growth,
and cell division. The mineral analysis of 4. difformis (leaves) showed
the presence of essential minerals such as potassium 1.74%, calcium
0.26%, sodium 0.026%, phosphorus 157.11 parts per million (ppm),
magnesium 24525 ppm, iron 81.5 ppm, manganese 95.5 ppm, and cop-
per 8.0 ppm [76]. This was supported by the output of mineral analysis
carried out on the same plant [11].

The appreciable concentrations of minerals such as sodium, potassium,
calcium, and phosphorus obtained from the plant showed that the plant has
the potential of providing various secondary metabolites and mineral sup-
ply to enhance the curative process of ill-health [11, 76].

The nutritive value of the leaves and tuber of 4. difformis has been
compared and also used as a feed supplement to basal diet of West African
dwarf sheep [13]. The proximate analysis indicated that the leaves contain
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more crude protein than the tuber, and nonfiber carbohydrate is higher in
the tuber than in the leaves. The results illustrated that 10% inclusion of 4.
difformis into ruminant animal concentrate diet, increased nutrient digest-
ibility coefficient in animals [13].

9.2 PHYTOCHEMICAL CONSTITUENTS OF A. DIFFORMIS

Phytochemicals are bioactive, non-nutrients compounds found in plants
[49]. Medicinal plants contain numerous phytochemicals that are respon-
sible for the plants’ therapeutic potentials. Phytochemicals have been
associated with amelioration of diseases and pathological conditions given
that they possess several properties such as antioxidant, antidiabetic, anti-
cancer, antimicrobial, anti-inflammatory, and gastro-protective [6, 42, 49,
50, 51, 62, 90]. The knowledge of phytochemical constituents of plants
helps in the discovery of therapeutic agents and exploring new resources
of such active chemical agents [60].

Ethanolic and methanolic extracts of leaves of A. difformis contain
phytochemicals such as flavonoids, tannins, phlebotannins, cardiac gly-
cosides, saponins, and reducing sugars [2, 11]. Conversely, aqueous
extract from leaves indicates the presence of flavonoids, alkaloids, phe-
nolics, and terpenoids, while cardiac glycosides and anthraquinones are
absent [70]. A comparative study on the total phenolic content of root
extract using three different solvents has been conducted by Aliyu et al.
[47]. The results showed that n-butanol extract has significantly higher
phenolic content than the methanol and acetone extracts. Other studies
compared the presence of phytochemicals in the tuber and leaves of 4.
difformis [7, 32].

9.3 MEDICINAL BENEFITS OF A. DIFFORMIS
9.3.1 ANTIDIABETIC ACTIVITIES

Diabetes mellitus (Type I and II) is an endocrinological and metabolic
disorder arising from insulin deficiency or impaired response of the body
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cells to insulin production [53, 81]. Diabetes mellitus is characterized
by persistent hyperglycemia. Antihyperglycemic and antidiabetic proper-
ties of numerous plants have been explored, among which is 4. difformis
[2, 85]. The ethanolic extract of A. difformis tuber significantly reduced
blood glucose concentration in alloxan monohydrate-induced diabetes
in Wistar rats [3]. Similar results were found with the ethanolic extract
of the leaves [2]. Conversely, the study carried out [3, 69] on aqueous
extract of leaves of A. difformis revealed that it does not have any hypo-
glycemic effects in normal (nondiabetic) rats. The mechanism underlying
the antihyperglycemic and antidiabetic effect of 4. difformis has not been
reported.

9.3.2 ANTIOXIDANT ACTIVITIES

Antioxidants and other bioactive components in plants have received
much attention, especially in the medicinal field and food industry [82].
Natural antioxidants may function as reducing agents, free radical scaven-
gers, complexers of pro-oxidant metals, or as quenchers of the formation
of singlet oxygen [43]. The most common natural antioxidants are flavo-
noids (flavanols, isoflavones, flavones, catechins, flavanones), cinnamic
acid derivatives, coumarins, tocopherols, and polyfunctional organic acids
[48, 54].

The free radical scavenging activity, total antioxidant capacity, and
reducing power assay have been measured in the acetone, n-butanol, and
methanolic extracts of A. difformis tuber by Aliyu et al. [12], who showed
that all extracts displayed strong radical scavenging activity, but n-butanol
extract had the strongest reducing ability that was comparable to that of
gallic acid at all the concentrations tested [12]. Similar antioxidant stud-
ies were carried out on methanolic leaf and root extracts of 4. difformis
by Agyare et al. [7]. Their report revealed that the methanolic root extract
had higher antioxidant capacity than the leaves, and this is directly pro-
portional to the total phenolic content. A study on the in vivo antioxidant
capacity of aqueous fraction of A. difformis by Oghale and Idu [70] con-
firmed the plant as a potent inhibitor of free radicals and lipid peroxidation
in guinea pigs.
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9.3.3 ANTI-INFLAMMATORY ACTIVITIES

Inflammation plays a key role in the pathogenesis of certain disease con-
ditions such as asthma, diabetes, arthritis, and cardiovascular diseases
[1]. Elevated markers of inflammation are indicative of oxidative stress
[97]. During oxidative stress, resident T-lymphocytes and activated mac-
rophages around the B-cells release cytokines, particularly interleukin-1
(IL-1), which have been tagged as immunological molecules that inhibit
secretion of insulin by the pancreatic B-cells and cause destruction of the
B-cells [44, 58].

Many inflammatory diseases are associated with the synthesis of pros-
taglandins, which are responsible for a sensation of pain [51]. The primary
enzyme responsible for prostaglandins synthesis is the membrane-associ-
ated cyclooxygenase (COX), which occurs in two isoforms: COX-1 and
COX-2 [94]. COX-1 is constitutively expressed, while COX-2 is induced
in the inflamed tissue. Modulation of the activity of the enzyme implies
that the inflammation process can be modified.

Adebayo et al. [1] conducted a study to demonstrate the anti-inflamma-
tory activity of 4. difformis. This was done by inducing edema by injecting
raw egg albumin (0.1 mL) on the left paw of the rats after 30 minutes of
administration of 4. difformis leaves (ethanolic extract). Edema size was
measured and evaluated at intervals using a digital letica plethysmometer.
The results showed that prior administration of 4. difformis showed sig-
nificant inhibition of edema (paw volume).

The anti-inflammatory studies performed by Agyare et al. [7] on leaf
and tuber extracts of A. difformis in chicks have revealed that it possess
significant anti-inflammatory activity and inhibitory effects on preformed
mediators such as histamine and serotonin that are involved in the initial
phase of the acute inflammatory process. Both extracts, at all the doses
tested, demonstrated higher anti-inflammatory activity than aspirin. The
anti-inflammatory activity could be due to the presence of steroids in the
extracts, which exert their effects through switching-off multiple activated
inflammatory genes and repressing NF-kB-regulated inflammatory genes,
and it may also activate several anti-inflammatory genes and increase the
degradation of mRNA encoding certain inflammatory proteins [16].
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9.3.4 ANTINOCICEPTIVE ACTIVITIES

Nociception, which causes pain and injury or react to pain stimuli [26], can
be induced by various methods such as tail-flick, hot plate, writhing, and
injection of formalin among others depending on the nociceptors to be inves-
tigated [21]. In this study, 0.25% injection of formalin on the hind paw was
used to induce pain in Wistar rats following the administration of ethanolic
extract of A. difformis leaves and a standard drug aspirin [1]. The results indi-
cated that formalin-induced paw nociception was significantly reduced, and
this was dose-dependent. Therefore, 4. difformis possesses anti-nociceptive
ability as displayed by its inhibition of formalin-induced pain.

9.3.5 ANTIMICROBIAL ACTIVITIES

Microorganisms especially pathogens are of great medical and economi-
cal value [57, 80]. Due to side effects of antibiotics and the resistance built
up by pathogenic microbes [61, 79] against these drugs, much attention
has been shifted to plant extracts and their biological activity [29, 34].
Antimicrobial activity of plant origin shows great therapeutic potentials
[79]. Medicinal plants have been explored for their antimicrobial proper-
ties [15, 19, 32, 63].

Reports on investigations of antimicrobial activities of A. difformis
vividly showed that it is potent against common and drug-resistant micro-
organisms [7, 14, 32]. A comparative study on antimicrobial activities of
the leaves and rhizome extracts of A. difformis using a ratio of different
solvent has been reported by Eneojo et al. [32]. The microorganisms tested
against were of public health importance, e.g., Salmonella paratyphi,
Salmonella typhi, Candida albicans, Proteus vulgaris, Staphylococcus
aureus, Shigella flexneri, Shigella dysenterae, Pseudomonas aeruginosa,
and four different strains of Escherichia coli. The results revealed that
A. difformis leaf and rhizome extracts demonstrated inhibition against all
microorganisms except for S. flexneri and P. aeruginosa that conferred
resistance against leaf and rhizome extracts, respectively [7, 32]. Another
assessment of aqueous and methanolic extracts of A. difformis against Try-
panosoma brucei presents trypanocidal activities of the plant [14].
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In vitro antiplasmodial activity of 4. difformis rhizome was tested against
chloroquine-sensitive strain of Plasmodium falciparum (3D7). Roots of A4.
difformis exhibited moderate antiplasmodial activities compared with other
plants used in the study [19]. In vivo study of antiplasmodial activities of 4.
difformis has been recommended given that inhibition or other mechanisms
of action may take place at other stages of the plasmodium life cycle, such
as the pre-erythrocytic development in the liver [19].

9.3.6 GASTRO-PROTECTIVE ACTIVITIES

Experimental peptic ulcer models can be induced using the following:
acetic acid, ethanol, indomethacin, histamine, reserprine, pylorus ligation,
ischemia-reperfusion, stress (hypothermic restraint, water-immersion),
and diethyldithiocarbamate among others [4, 84, 99].

The research on Sprague-Dawley rats to assess the gastro-protective
effect of ethyl acetate extract of 4. difformis rhizome using different gas-
tric ulcer models showed a positive result [72]. Ulcer conditions were
induced using ethanol, indomethacin, and pylorus ligation in the animals
after pre-treatment with rantidine. Although the mechanism through
which it exerts its effect is not clear, the ethyl acetate fraction of 4. diffor-
mis extract was shown to possess an antiulcer activity in all three tested
models of ulcer [72]. The gastro-protective ability of 4. difformis can be
associated with the presence of flavonoids, which have proven to be gas-
tro-protective [99]. It was found that flavonoids obtained from different
plants were gastro-protective against ethanol-induced damage by causing
increase in gastric microcirculation.

9.3.7 ANTIASTHMATIC ACTIVITIES

Bronchial asthma is one of the common syndromes of several respiratory
diseases [78]. Antiasthmatic evaluation was carried out on leaves (aque-
ous extract) of A. difformis using guinea pigs as experimental animals
[70]. The experimental groups were first sensitized with intraperitoneal

admlnlStratlon Of OValbumin; 100 mg/kg body weight, intramuscular administration; 50 mg/kg body weight’
24 hours later. A. difformis leaf extract was administered for 7 days
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after which the animals were exposed to 0.2% histamine aerosol (bron-
choconstrictor). The effect of A. difformis was assessed on the tracheal
fluid volume and fluid viscosity against salbutamol, a standard drug for
treating asthma [70]. The results of the study showed that 4. difformis
is effective against asthma as revealed by its bronchodilator properties
similar to the effect of standard drug. Similar results have been reported
by Boskabady et al. [23], who assessed the effect of Nigella sativa on
airways of asthmatic patients.

9.3.8 ANTIONCHOCERCAL ACTIVITIES OF A. DIFFORMIS

Onchocerciasis or subcutaneous filariasis, popularly known as river blind-
ness, is caused by filarial worm (Onchocerca volvulus) and transmitted
by the black fly (Simulium damnosum) [52]. Onchocerciasis is one of the
leading causes of blindness. It is prevalent in 37 countries of the world
out of which 30 of these countries are in Africa [22]; and these account
for 99% of the global burden of onchocerciasis and its related maladies,
while the other 1% is confined to Yemen and some countries of Central
and South America [91].

Mass drug administration (MDA) and vector control programs have
been major approaches to control this disease [95]. Although onchocercia-
sis’s control in Africa has lasted more than 40 years, the disease is still a
public health concern in many African countries. [vermectin, which is the
main chemotherapeutic agent currently used, has limited micro-filaricidal
efficacy [83]. Further, the fear of side effects and the duration of treat-
ment (15-18 years) in order to terminate parasite transmission have led
to a reduction in the ivermectin intake with serious epidemiological con-
sequences [91]. These factors and the potential development of resistance
to ivermectin have necessitated the need for new drugs in the treatment of
onchocerciasis to achieve elimination of transmission.

The search for an efficient microfilaricide has led to exploration of
certain plants such as: Cyperus articulates Craterispermum laurinum,
Morinda lucida, and Anchomanes difformis [28, 59]. A study on the
antionchocercal ability of A. difformis was performed on the methanolic
extracts and on different fractionated extracts obtained at varying polarity
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using column chromatography [63]. The extracts and fractions were tested
against O. ochengi: a strain very similar to O. volvulus. The methanolic
extract and the four fractions obtained exhibited 100% inhibition against
the microfiliariae [63], and this lends credence to its ethnobotanical use in
the treatment of river blindness.

9.4 A. DIFFORMIS: OXIDATIVE STRESS AND DIABETES

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
produced in our body during normal metabolism and energy produc-
tion [56]. They are produced to help normal healthy tissues to perform
physiological roles such as signaling, regulation of signal transduction
and gene expression, and activation of receptor and nuclear transduc-
tion [93].

Oxidative stress occurs as a result of imbalance between the systemic
production of these free radicals (ROS and RNS) and the antioxidant
capacity of the system to readily detoxify and eliminate the reactive inter-
mediates or to repair the resulting damage [12]. Constant hyperglycemia
is one of the major factors leading to oxidative stress. Hyperglycemia
enhances the production of ROS, which is highly implicated in the devel-
opment of oxidative stress [97].

Some of the mechanisms, by which hyperglycemia lead to oxidative
stress, include the increased production of superoxide anion [27] that
activates nuclear factor kappa-light-chain enhancer of activated beta cells
(NF-xB); a transcription factor that leads to the increased expression of
inducible nitric oxide synthase (iNOS) [88]. This increased iNOS results
in enhanced production of nitric oxide (NO) that rapidly reacts with
superoxide anion when present in high concentrations to form a strong
oxidant (peroxynitrite) [ 18], which exerts its toxic effects through oxida-
tion of proteins, initiation of lipid peroxidation and nitration of amino
acids [18].

Triggering of the inflammatory response is another mechanism
whereby hyperglycemia causes oxidative stress. Hyperglycemia con-
tributes to increased glycation of lipids and proteins to form advanced
glycation end products (AGEs) [40]. The AGEs bind to their receptors
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(RAGE) on different cells and macrophages leading to intracellular gen-
eration of ROS [96, 98], which in turn activates NF-kB causing increased
expression of a variety of cytokines such as TNF-a and TNF-8 (tumor
necrosis factor-alpha and -beta), interleukins (IL-1, IL-6, IL-8, IL-18),
and interferon-y [17, 33].

Furthermore, hyperglycemia is strongly associated with glycation and
glycoxidation of lipoproteins. ROS resulting from hyperglycemia con-
tribute to initiation of lipid peroxidation [30] and ultimately lipoxidation
to yield advanced lipoxidation end products (ALEs) [35, 36, 89]. Severe
lipid peroxidation, protein oxidation, and nitration of proteins leads to oxi-
dative stress that is an important risk factor in the development of diabetic
complications such as retinopathy [77], nephropathy, liver injury, and car-
diovascular diseases [46].

A. difformis has been clearly shown to possess antioxidant and anti-
inflammatory properties [1]; and essential factors that minimize oxida-
tive stress and ultimately ameliorate diabetes [2, 3] and possibly diabetic
complications.

9.5 FUTURE PROSPECTIVE AND RESEARCH OPPORTUNITIES

Further investigations should be performed extensively on the leaves and
roots of A. difformis to be able to understand the molecular mechanisms
involved in its therapeutic ability against diabetes, inflammation, ulcer,
dysentery, diarrhea, and microbial infections such as onchocerciasis and
trypanosomiasis.

9.6 CONCLUSIONS

Useful products obtained from plants directly or indirectly demonstrate
their importance. Medicinal plants are of great importance in healthcare
and have been a common source of therapeutic agents due to presence of
bioactive chemical substances (phytochemicals) that produce a definite
physiological action on the human body. Some of the most important phy-
tochemicals are alkaloids, tannins, flavonoids, and phenolic compounds.
Anchormanes difformis, a rhizome used for medicinal purposes in Africa,
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has shown to elicit antioxidant, antidiabetic, antinociceptive, anti-inflam-
matory, antimalarial, antimicrobial, antionchocercal, and gastro-protective
properties. These medicinal potentials and their roles in ameliorating dia-
betes-induced oxidative stress and its usefulness in other diseases have
been considered in this chapter.

9.7 SUMMARY

A. difformis contains numerous phytochemicals that play significant
roles in ameliorating disease conditions through certain mechanisms
such as reducing or preventing oxidative stress. These phytochemicals
include alkaloids, phenolics (flavonoids, tannins, and phlebotannins),
cardiac glycosides, terpenoids and saponins. All parts of the plant (leaf,
stem and tuber) contain most of these phytochemicals with just one or
two absent in each part.

Certain folkloric and ethnobotanical uses of 4. difformis have been
scientifically proven and established such as its use in treating ulcer, diar-
rhea, pain, inflammation and diabetes, whilst other folklores are yet to be
investigated. These include treatments against jaundice and kidney pains,
cardiovascular disease and as hormonal modulator during child birth.

This review on A. difformis provided the opportunity to explore its
activities against pathological conditions given its antidiabetic, antioxi-
dant, anti-inflammatory, antihyperglycemic, antinociceptive, antimicro-
bial, antionchocercal, and gastro-protective properties.
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10.1 INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic
hyperglycemia as well as disturbance in carbohydrate, fat, and protein
metabolism, due to absolute or relative lack of insulin [10, 11]. The num-
ber of people suffering from the disease worldwide is increasing at an
alarming rate with 552 million people projected to have DM by 2035 as
against 382 million estimated cases in 2014 [12]. Type 1 DM is charac-
terized by an absolute deficiency of insulin caused by the destruction of
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pancreatic p-cells, while type 2 DM is due to a combination of peripheral
resistance to insulin action as well as inadequate secretory response by
pancreatic -cells [21].

Most of the conventional drugs used for the management of diabetes
have limited efficacy with various side effects such as hypoglycemia,
weight gain, liver failure, and gastro-intestinal disorders [7, 27]. Thus,
the search for more effective and safer drugs is essential to overcome
these issues [20]. Several studies have reported the antidiabetic potential
of medicinal plants [3, 4, 16]. However, there is dearth of information on
the mechanism of action by which these plants elicit their hypoglycemic
potential. One of the possible mechanisms of antidiabetic effect is the
inhibition of carbohydrate hydrolyzing enzymes, pancreatic a-amylase
and intestinal a-glucosidase.

The enzyme a-amylase, which belongs to the class of a-glucan-4-
glucanhydrolases, is one of the important target enzymes for the con-
ventional treatment of diabetes [1]. It catalyzes the initial steps in the
hydrolysis of starch to disaccharides, which are then acted upon by
a-glucosidase, which breaks them down into glucose that gets absorbed
by the brush border epithelium of the intestine and enters the blood stream
[26]. The pathological condition, which arises due to the excessive deg-
radation of starch by a-amylase and a-glucosidase, is referred to as post-
prandial hyperglycemia.

Ageratum conyzoides is an annual herb, which grows approximately 1
m in height. The leaves and stem are covered with white fine hairs, while
the leaves are ovate and up to 7.5 cm long [23]. It is commonly called
white weed, goat weed, and billy goat weed. It is locally called “Otogo” in
the Middle-belt region [9] and “Imi-eshu” in Southwestern region of Nige-
ria [24]. A. conyzoides is used in the treatment of pneumonia, wounds, and
burns in Africa. It is also used as bacteriocide and antidysenteric agent
in several regions of the world [23]. This plant has been reportedly used
in the treatment of diabetes mellitus, infertility, and HIV/AIDS in Benue
State, Nigeria [9].

Several studies have reported the hypoglycemic and antihyperglyce-
mic potentials of the extracts of this plant [6, 22], but none has reported its
mode of hypoglycemic action. In view of this, this study is aimed at evalu-
ating the inhibitory potential of A. conyzoides leaf extracts on a-amylase
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and a-glucosidase activities, as a possible mode of eliciting its antidiabetic
potentials.

10.2 MATERIALS AND METHODS
10.2.1 PLANT MATERIAL

The leaf of Ageratum conyzoides was obtained from Egan village,
Igando Area of Lagos, Nigeria, in February 2013. It was identified and
authenticated at the Department of Botany, University of Lagos, Nige-
ria, and voucher specimen (LUH 4727) was deposited in the University
herbarium.

10.2.2 CHEMICALS AND REAGENTS

Porcine pancreatic a-amylase, rat intestinal o-glucosidase and
paranitrophenyl — glucopyranoside were obtained from Sigma-Adrich
Co., St Louis, USA, while starch soluble (extra pure) was purchased from
J. T. Baker Inc., Phillipsburg, USA. Other chemicals and reagents were of
analytical grade, and water used was glass-distilled.

10.2.3 PREPARATION OF PLANT EXTRACTS

Fresh leaves of Ageratum conyzoides were cut and washed with water to
remove all contaminants; they were dried at room temperature and ground
to powder using Warring blender. Equal quantity (20 g) each of the dried
powdered material was extracted in 200 mL acetone, ethanol or water, with
constant shaking on Labcon platform shaker (Laboratory Consumables,
PTY, Durban, South Africa) for 24 h. The extracts were centrifuged (Hermle
Laboratory Centrifuge, Lasec, South Africa) and later filtered using a What-
man No. 1 filter paper. Acetone and ethanol extracts were concentrated using
rotary evaporator (Cole Parmer SB 1100, Shangai, China), while the aqueous
extract was freeze-dried using Virtis Bench Top (SP Scientific Series, USA)
freeze dryer. The extracts were dissolved in dimethyl sulphoxide (DMSO) to
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give stock solutions of 5.0 mg/mL each, and different concentrations (0.32,
0.63, 1.25 and 2.50 mg/mL) of the extracts were prepared using the serial
dilution method with distilled water. All extracts were stored at 4°C prior
further analysis.

10.2.4 a-AMYLASE INHIBITORY ASSAY

This assay was done using a modified procedure by McCue and Shetty
[19]. Each extract (250 pL) at different concentrations (0.32—2.50 mg/
mL) was added to 250 puL of 0.02 M sodium phosphate buffer (pH 6.9)
containing a-amylase. This solution was pre-incubated at 25°C for 10
min, after which 250 pL of 1% starch solution in 0.02 M sodium phos-
phate buffer (pH 6.9) was added at timed intervals and then further
incubated at 25°C for 10 min. The reaction was terminated by adding
500 pL of dinitrosalicylic acid (DNSA) reagent. The tubes were then
incubated in boiling water for 5 min and cooled to room temperature.
The reaction mixture was diluted with 5 mL distilled water, and the
absorbance was measured at 540 nm using spectrophotometer. The con-
trol was prepared using the same procedure replacing the extract with
distilled water, while the activity of the standard was tested by replacing
the extract with acarbose. The a-amylase inhibitory activity was calcu-
lated as percentage inhibition:

% Inhibition activity = [(Abs Abs )/Abs

control extracts contml]

x100 (1)

Concentrations of extracts resulting in 50% inhibition of enzyme activ-
ity (IC, ) were determined graphically.

10.2.5 MODE OF a-AMYLASE INHIBITION

The mode of inhibition of the enzyme by the leaf extract was con-
ducted using the extract with the lowest IC according to the modified
method described by Ali et al. [2]. Briefly, 250 uL of the (2.50 mg/mL)
extract was pre-incubated with 250 pL of a-amylase solution for 10
min at 25 °C in one set of tubes. In another set of tubes, a-amylase was
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pre-incubated with 250 pL of phosphate buffer (pH 6.9). Then, 250 uL.
of starch solution at increasing concentrations (0.32-2.50 mg/mL) was
added to both sets of reaction mixtures to start the reaction. The mix-
ture was then incubated for 10 min at 25°C, and then boiled for 5 min
after the addition of 500 puL of DNS to stop the reaction. The amount of
reducing sugars released was determined spectrophotometrically using
a maltose standard curve and converted to reaction velocities. A double
reciprocal plot (1/v versus 1/[S]) was plotted, where v is reaction veloc-
ity and [S] is substrate concentration. The type (mode) of inhibition of
the enzyme by the extract was determined by double reciprocal plot
using Michaelis-Menten kinetics.

10.2.6 o-GLUCOSIDASE INHIBITORY ASSAY

The effect of plant extracts on a-glucosidase activity was determined
according to the method described by Kim et al. [15] using a-glucosidase
from rat intestinal powder. The substrate solution p-nitrophenyl glucopy-
ranoside (pNPG) was prepared in 20 mM phosphate buffer (pH 6.9). A
total of 100 uL of a-glucosidase (E.C. 3.2.1.20) was pre-incubated with
50 pL of the different concentrations of the extracts (0.32—2.50 mg/mL)
for 10 min. Then, 50 pL of 3.0 mM (pNPG) as a substrate dissolved in 20
mM phosphate buffer (pH 6.9) was then added to start the reaction. The
reaction mixture was incubated at 37°C for 20 min and stopped by add-
ing 2 mL of 0.1 M Na,CO,. The a-glucosidase activity was determined
by measuring the yellow colored para-nitrophenol released from pNPG
at 405 nm. The control was prepared using the same procedure replacing
the extract with distilled water while activity of the standard was tested by
replacing the extract with acarbose. Percentage inhibition was then calcu-
lated using Eq. (1). Concentrations of extracts resulting in 50% inhibition
of enzyme activity (IC, ) were determined graphically.

10.2.7 MODE OF a-GLUCOSIDASE INHIBITION

The mode of inhibition of the enzyme by the extract was determined using
the extract with the lowest IC,; according to the modified method described
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by Ali et al. [2]. Briefly, 50 pL of the (2.50 mg/mL) extract was pre-incu-
bated with 100 pL of a-glucosidase solution for 10 min at 25 °C in one
set of tubes. In another set of tubes, a-glucosidase was pre-incubated with
50 pL of phosphate buffer (pH 6.9). Further, 50 pL of pNPG at increas-
ing concentrations (0.32—2.50 mg/mL) was added to both sets of reaction
mixtures to start the reaction. The mixture was then incubated for 10 min at
25°C, and 500 pL of Na,CO, was added to stop the reaction. The amount
of reducing sugars released was determined spectrophotometrically using
a paranitrophenol standard curve and converted to reaction velocities. A
double reciprocal plot (1/v versus 1/[S]) was plotted, where v is reaction
velocity and [S] is substrate concentration. The type (mode) of inhibition of
the enzyme by the crude extract was determined by double reciprocal plot
using Michaelis-Menten kinetics.

10.2.8 STATISTICAL ANALYSIS

All analyses were performed in triplicates unless otherwise stated. Data
were expressed as mean £ SEM and statistical significance was considered
at p < 0.05. The IC, values were obtained from percentage inhibitions
using Microsoft Excel software. One-way analysis of variance (ANOVA)
was used to assess differences in the percentage inhibitions and IC_ values
of the extracts as well as standard. Modes of inhibition of the enzymes
were determined by linear regression using GraphPad Prism statistical
package (GraphPad Software, USA).

10.3 RESULTS

Among all concentrations tested, there were no significant differences (p >
0.05) in percentage inhibition of a-amylase by various extracts of Agera-
tum conyzoides, except at 1.25 mg/mL, where there was a significant dif-
ference (p < 0.05) between the values obtained for ethanol compared to
the other extracts (Figure 10.1). Percentage inhibition of the enzyme by
acetone and aqueous extracts were also significantly different at 0.63 mg/
mL. Consequently, the mode of inhibition of a-amylase by the aqueous
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FIGURE 10.1 Percentage inhibition of a-amylase by different extracts of Ageratum
conyzoides. Values are expressed as means £ SEM of triplicate determinations. Bars
carrying different letters at the same concentration are significantly different (p < 0.05).

extract of A. conyzoides was determined, and it showed a characteristic
mixed non-competitive inhibition of the enzyme (Figure 10.2).

The percentage inhibition of a-glucosidase by all the extracts of 4.
conyzoides is shown in Figure 10.3. At low concentrations (0.32 and
0.63 mg/mL), there were significant differences (p < 0.05) between
aqueous extract and the other extracts. However, at high concentrations
(1.25 and 2.5 mg/mL), the percentage inhibition of the enzyme by the
acetone extract was significantly lower than that of aqueous and ethano-
lic extracts. The aqueous extract of 4. conyzoides, which had the lowest
IC,, value (1.05 mg/mL) compared to other extracts, was used to deter-
mine the mode of inhibition of this enzyme, and it also showed a mixed
non-competitive inhibition (Figure 10.4).

Means down vertical column not sharing a common letter are sig-
nificantly different (p < 0.05) from each other. Acarbose is the standard
a-amylase and a-glucosidase inhibitor.

The IC, value calculated showed that aqueous extract of A. conyzoides
displayed the lowest IC, (Table 10.1) for both a-amylase (2.13 mg/mL)
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FIGURE 10.2 Mode of inhibition of a-amylase by the aqueous extract of Ageratum
conyzoides.

80
=1 Acetone b ab
1 Ethanol b
604 EZA Aqueous b I
: |
::g b
= 404
=
X b .
20 a I
L a ; o b a
A 11 [ :

T L]
0.32 0.63 1.25 2.50
Concentration (mg/mL)

FIGURE 10.3 Percentage inhibition of a-glucosidase by different extracts of Ageratum
conyzoides. Values are expressed as means = SEM of triplicate determinations. Bars
carrying different letters at the same concentration are significantly different (p < 0.05).
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FIGURE 10.4 Mode of inhibition of a-glucosidase by the aqueous extract of Ageratum
conyzoides.

TABLE 10.1  The IC, values for the inhibition of a-amylase and a-glucosidase by
extracts of Ageratum conyzoides

Extracts IC,, (mg/mL)

a-amylase a-glucosidase
Acetone 2.68 £0.12° 5.08 +0.80?
Aqueous 2.13+£0.10° 1.05 £ 0.05¢
Ethanol 2.85+0.29° 1.53+0.07°
Acarbose 1.35+0.03¢ 0.82+0.01¢

and oa-glucosidase (1.05 mg/mL) inhibition compared to other extracts,
though they were higher than acarbose. The values are expressed as mean
+ SEM of triplicate determinations.

10.4 DISCUSSION

Hyperglycemia is a pathological state characterized by a rapid increase
in blood glucose levels, and this is due to continuous hydrolysis of
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starch by pancreatic a-amylase and absorption of glucose by the intes-
tinal a-glucosidases [S]. One of the therapeutic approaches for reducing
postprandial hyperglycemia is to retard digestion of glucose by the inhibi-
tion of these carbohydrate hydrolyzing enzymes such as a-amylase and
a-glucosidase, in the digestive tract [13]. Therefore, inhibition of these
enzymes can significantly decrease postprandial hyperglycemia after a
mixed carbohydrate diet and can be an important strategy in the manage-
ment of diabetes mellitus [8].

In this chapter, the results of the a-amylase and a-glucosidase inhibi-
tory assay revealed that the aqueous extract of 4. comnyzoides is a mild
inhibitor of a-amylase and a strong inhibitor of a-glucosidase. This
is attested to by the respective IC, generated for the inhibition of the
enzymes by the extract. This is in agreement with a previous report that
any medicinal plant that may be used as an antidiabetic agent should be
a mild inhibitor of a-amylase and strong inhibitor of a-glucosidase [17].
This has an edge over synthetic drugs such as acarbose, which strongly
inhibits both a-amylase and a-glucosidase, leading to side effects, which
include abdominal distention, flatulence, hypoglycemia, and liver failure
[17, 25].

The mixed non-competitive inhibition displayed by the aqueous
extract of A. conyzoides towards both a-amylase and a-glucosidase is in
consonance with the report of Mayur et al. [18]. This suggests that the
active components of the extract binds to a site other than the active site
of the enzyme and combine with both the free enzyme and the enzyme-
substrate complex, possibly interfering with the action of both, but has
different affinity to both forms [18]. This affects the binding of the normal
substrate to the enzyme due to conformational changes, thereby slowing
down the breaking down of polysaccharides and disaccharides to glucose
[14]. Therefore, the concentration of glucose in the blood is maintained,
thereby controlling hyperglycemia and its associated effects.

10.5 SUMMARY

This study showed that out of the three extracts of Ageratum conyzoi-
des tested, the aqueous extract displayed the most effective inhibition of
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a-amylase and a-glucosidase in-vitro; and the mode of inhibition of both
enzymes is the mixed non-competitive one. Therefore, it can be concluded
that one of the mechanisms by which A. conyzoides leaf exhibited its hypo-
glycemic properties may be due to inhibition of diabetes-related enzymes
such as pancreatic a-amylase and intestinal a-glucosidase.
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11.1  INTRODUCTION

The adoption of westernized diet in Africa has been documented to have
propelled the development of noncommunicable diseases such as type 2
diabetes mellitus (DM) and its complications. Type 2 DM remains incur-
able despite the availability of a number of orthodox drugs to manage it.
The poor socio-economic factors in Africa make it difficult, if not impos-
sible, for the poor to afford these expensive drugs. However, based on his-
tory, the intake of natural products as food or therapeutic agents has shown
to enhance human health nutrition, leading to management of type 2 DM
and its complications. The health promoting potentials of medicinal plants
have been attributed to the presence of both nutritional and non-nutritional
chemical compounds that can modify and modulate biological systems
and thus eliciting therapeutic effects. A predilection for ethnopharmaco-
logical materials is on the increase owing to their safety, availability, and
the cost of employing medicinal plants in research. In Africa, a number of
medicinal plants have been traditionally used to treat diabetes with great
success.

In this chapter, the authors have reviewed research studies on Cath-
aranthus roseus and Punica granutum (Pomegranate) in the treatment of
DM and its complications such as cardiovascular-related disorders, male
infertility, and hepato-renal disorders. This chapter also presents results
of comprehensive scientific investigations on medicinal plants for pos-
sible validation and development of cheap novel therapies against diabetes
mellitus.

11.2  OVERVIEW OF DIABETES MELLITUS

DM is a potentially devastating, incurable but treatable lifelong metabolic
disorder whose prevalence is rapidly increasing. It is a metabolic disorder
that is marked by abnormal high glucose levels.in the blood [2]. Diabetes
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was first described by a Greek physician named Areateus in the second
century, for which he used the term diabainein referring to the excessive
passing out of fluid that he constantly observed in diabetic patients. The
Latin word “mellitus,” which means “sweet-like honey,” was later added
to the word diabetes; both terms indicating the sweet taste of urine that
was passed by diabetes patients (glucosuria) [5, 86]. Another rare form of
diabetes identified as diabetes insipidus also exists. It is characterized by
excessive urine output and fluid intake as a compensatory reflex action
against fluid loss. Diabetes insipidus emerges due to the attenuated pro-
duction of vasopressin, a hormone that controls water retention by reduc-
ing urine output. Although the two diabetic disorders exhibit the same
symptoms, their diagnosis and treatment are not the same [2].

DM is classified into four main categories: type 1 DM (T1DM), type
2 DM (T2DM), gestational DM, and DM that occurs secondary to other
conditions. The elevated levels of blood glucose in diabetes mellitus, also
known as hyperglycemia, is implicated in the development of disorders
that affect various organs such as the heart, kidneys, eyes, nerves, liver,
and blood vessels [18]. This classical endocrine disease arises as a conse-
quence of several pathogenic processes that include autoimmunity, genetic
defects, and unhealthy lifestyle practices. These pathogenic processes pre-
dispose to defects in insulin secretion, insulin action, or both, resulting in
the development of diabetic complications [1]. Insulin is a peptide exo-
crine hormone secreted by the pancreas and regulates glucose homeosta-
sis. Deficiency or absolute lack of this hormone affects normal metabolism
of macronutrients, leading to severe complications. DM is now seen as a
growing global health crisis. It has become a common disease affecting
people in both developing and developed countries. The rapid increase in
the prevalence of DM is fueled by changes in the lifestyle patterns contrib-
uted by urbanization, obesity, physical inactivity, smoking, and sedentary
practices [78, 70, 154]. Obesity has been labeled as a major risk factor
determinant of DM development. Parallel escalations of overweight (body
mass index between 25 kg/m?), obesity (BMI > 30kg/m?) and DM have
been reported. According to World Health Organization (WHO) reports in
2014, 39% and 13% of the adult world population were overweight and
obese, respectively. For these reasons, lifestyle changes are major thera-
peutic options for managing diabetes, involving regular exercises, medical
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nutrition, and weight control amongst others. Besides lifestyle manage-
ment, pharmacological management of diabetes in the form of insulin
therapy and the use of hypoglycemic drugs have improved the outlook
of diabetic patients. However, it is expensive, harbors unfavorable side
effects, and has achieved little to prevent the development of diabetes-
related secondary complications.

11.3 THE ROLE OF INSULIN IN GLUCOSE METABOLISM

Insulin is the principal anabolic peptide hormone secreted by the B-cells of
the pancreas, and plays a fundamental role in the regulation and mainte-
nance of normal glucose and lipid levels [76]. The biosynthesis of insulin
involves three main steps:

* The synthesis of preinsulin on the ribosomes of the rough endoplas-
mic reticulum.

* The conversion of preinsulin into proinsulin, which is then trans-
ported to the secretory granules of the Golgi apparatus.

* Cleavage of proinsulin into active insulin and C-peptide.

Insulin is released post-prandial by B-cells of the Islets of Langerhans
in response to enhanced levels of glucose in blood circulation. Insulin per-
forms its paracrine action on several tissues but mainly on the skeletal,
adipose and the hepatic tissues [143]. These tissues possess a heterotet-
rameric transmembrane tyrosine kinase receptor composed of two extra-
cellular a-chains and two intracellular -chains. In response to increased
glucose levels in circulation, insulin acts as a ligand, binding to the extra-
cellular a-chains of its receptor. Binding of insulin to its receptor elicits
auto-phosphorylation of the tyrosine site (Tyr**°) located on the intracel-
lular domain of the receptor [34, 142]. The systemic phosphorylation of
Tyr*® results in the formation of a recognition motif for the phosphoryla-
tion binding domain of the insulin receptor substrates (IRS). The IRS-1
protein is responsible to transmit signals that activate specific biological
responses, €.g., glucose transport and synthesis of macromolecules [42].
IRS-1 binds to several proteins with SH-2 (Src homology 2) like p85, which
is a regulatory subunit of phosphatidylinositol 3- kinase (PI3- kinase).
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After IRS-1 binds to p85, a catalytic molecule p110 is recruited, causing
a further activation of the 3-phosphoinositide-dependent kinases which
as well phosphorylates Akt (a serine/threonine kinase) on Thr’®. The p13
kinase pathway coordinates the translocation process of GLUT-4, a glu-
cose transporter molecule [33, 76, 143]. GLUT proteins migrate from the
intracellular environment to the cell surface membrane, where their vesi-
cles fuse with the cell membrane, allowing the channel for glucose entry to
open, consequently lowering its levels in circulation [40, 155].

11.4 CLASSIFICATION OF DM
11.4.1 TYPE1 DM

Type-1 diabetes mellitus, previously referred to as insulin-dependent
diabetes mellitus (IDDM), has a childhood onset. Type 1 DM emerges
owing to the failure of insulin secreting B-cells of the islets of Langer-
hans to produce insulin as a consequence of auto-immune attack of these
cells [120, 175]. The autoimmune destruction of the islets in diabetics is
linked to the presence of islet cell-specific antibodies in the blood, exces-
sive interleukin production by monokines (a deranged T-cell-mediated
immunoregulatory system) and activation of antigens targeting the Islet
cells [116]. Therefore, daily doses of insulin are given to these patients to
maintain euglycemia and thus preventing life-threatening complications
[117]. Type 1 DM accounts for 5-10% of all diabetic cases globally. Type
1 DM can also exist idiopathically with no known cause in the absence of
autoimmune destruction of the -cells [101].

11.4.2 TYPE 2 DM

Type 2 diabetes mellitus (T2DM) is a fast-growing global health threat
promising to reach pandemic proportions if no appropriate measures
are taken. T2DM is the most common type of DM and was previously
known as non-insulin-dependent diabetes mellitus (NIDDM). It is respon-
sible for almost 90% of the DM cases reported and its progression has
been observed in the adult population with initial characteristics of high
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blood glucose levels, insulin resistance, and/or deficiency. A significant
contribution of lifestyle and genetic factors have been documented in the
predisposition to T2DM. In T2DM, the B-cells of the pancreas produce
detectable amounts of insulin. However, the problem arises in the recogni-
tion of the insulin by its receptors in the target organs (insulin resistance),
resulting in disturbed insulin intracellular signaling cascades [20, 118].

11.4.3 OTHER ETIOLOGICAL CLASSIFICATION

Other etiological classification of DM include gestational diabetes mel-
litus, genetic defects of B-cell function, genetic defects in insulin action,
e.g., lipoatropic diabetes; diseases of the exocrine pancreas, e.g., pancre-
atitis, endocrinopathies, and drug and chemical-induced diabetes; infec-
tion-induced diabetes, e.g., by cytomegalovirus [50].

11.5 EPIDEMIOLOGY AND THE GLOBAL BURDEN OF T2DM

The World Health Organization (WHO) reported that approximately 422
million adults were suffering from DM in 2014, and it has been shown
that the number of people living with DM in 2014 quadrupled when com-
pared to 1980 global statistics [173]. In 2012, DM and its secondary dis-
orders were root causes of 3.7 million deaths that occurred. In addition
to that, 43% of these deaths occurred in individuals that were < 70 years
old. Based on the reported estimates, DM inflicts a substantial economic
strain on the households way up to the nations at large. The burden of DM
has an impact on healthcare systems owing to the direct medical costs
and the attendant work absenteeism. DM, if not adequately controlled,
can lead to severe visual impairment, lower limp amputations, kidney fail-
ure, male infertility, and cardiovascular associated disorders. In 2010, DM
was responsible for the 4.5% of visual impairment and blindness cases. A
constellation data from 54 countries revealed that 80% of the end-stage
renal disease (ESRD) was as a result of DM. These complications directly
contribute to the regression of economic growth.

The International Diabetes Federation [IDF, 80] recently published
that in every 6 seconds, a person dies from DM and its complications, and
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1 in 11 adults has DM. According to IDF reports [2016], more than two-
thirds of people living in Africa have undiagnosed DM. Approximately
14.2 million people in sub-Saharan region have DM, with more than half
of them residing in South Africa, Democratic Republic of Congo, Nige-
ria, and Ethiopia [80]. The management of DM and its complications in
developing countries is difficult; therefore, adequate health resources are
required to offer proper health care [164, 173].

11.6 OXIDATIVE STRESS IN DIABETES MELLITUS

Free radicals are produced during normal aerobic respiration in the mito-
chondria [125]. Free radicals including reactive oxygen species (ROS) and
reactive nitrogen species (RNS) are described as reactive molecular species
(RMS) that have unpaired electrons in their outer atomic orbitals. ROS is a
broad term used to categorize molecules derived from incomplete oxygen
reduction reactions whilst RNS comprises of products from nitrogen oxida-
tion reactions [170]. Examples of ROS include superoxide ion (O,"), hydro-
gen peroxide (H,0,), hypochlorous acid (HOCI), and the hydroxyl radical
(HO), whereas nitric oxide (NO), nitroxyl (NO), S-nitrosothiol (RSNO),
and peroxtnitrite (OONO") are types of RNS [21, 122]. Oxygen is the prin-
cipal substrate that is utilized during cellular respiration. Not all of the oxy-
gen inhaled is harnessed in the production of ATP; rather about 5% of the
inhaled oxygen reacts with different molecules resulting in the formation
of these ROS and RNS [32]. When produced during normal homeostasis,
these free radicals participate in cellular signaling, cell growth, apoptosis,
defense against pathogens and in regulatory pathways [104, 170].

If an imbalance arises between the production of ROS/RNS and the
ability of antioxidants in biological systems to degrade or to remove these
free radicals, where the imbalance favors free radical production, oxidative
stress subsequently is resulted [21]. Oxidative stress is noted in various
pathological states of different disorders displayed by the overwhelming
production of free radicals and depleted production of antioxidants [146,
147]. In an event of overt oxidative stress, cellular components like pro-
teins, lipids, and DNA are irreversibly modified, ultimately resulting in
cellular and organ damage [122].
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11.6.1 IMPLICATION OF OXIDATIVE STRESS IN THE
PROGRESSION OF DIABETIC COMPLICATIONS

The chronic sustained hyperglycemic condition or state in diabetes is
regarded as the major factor that triggers the development of both acute
and long-term changes in the cellular metabolism of different molecules
[65, 118]. Altered metabolism of macromolecules ultimately triggers
excessive formation of free radicals via different pathways, resulting in
the speeding up of development of diabetic complications [170]. ROS
are incriminated in the disruption of glucose transport systems and in the
defective receptor-ligand sensitivity between insulin and its receptor, giv-
ing rise to insulin resistance [123].

It has been strongly suggested that oxidative stress plays a key role in
the development of diabetic vascular complications. Malignant transfor-
mations of tissues as a consequence of oxidative stress are mostly seen
in the eyes, nervous system, and the kidneys [120]. Several pathways
have been established that link the role of oxidative stress in promot-
ing the pathogenesis of diabetic complications. The growing evidence
has reported that hyperglycemia causes tissue injury via four major
mechanisms:

* Increased glucose flux through the polyol pathway;

* Increased intracellular formation of AGEs (advanced glycation end
products);

 Activation of the protein kinase (PK) C pathway; and

* Increased activity of the hexosamine pathway.

Scientific evidence has shown that all four mechanisms are triggered
by a particular upstream event that points to the overproduction of reactive
oxygen species by the mitochondria [65, 129].

11.6.2 FORMATION OF ADVANCED GLYCATION END
PRODUCTS (AGES)

Progression of oxidative tissue damage occurs at a faster rate in patients
with poor metabolic control of hyperglycemia, which in turn impels the
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formation of advanced glycation end-products (AGEs), which has been
associated with the severity of diabetic complications [106].

AGEs is a heterogeneous group of molecules formed in the absence of
enzymatic catalysis in a reaction termed the Maillard reaction [123]. The
first step in the glycation pathway is the slow reversible nucleophilic reac-
tion between the carbonyl groups (aldehydes/ ketones) of reducing sugars
or monosaccharides with the amine groups of proteins, nucleic acid or lip-
ids [94]. The outcome of the reaction is the formation of highly reversible
products known as the Schiff bases [125, 151]. Spontaneous rearrange-
ment reactions of the Schiff bases follows over a period of days to weeks
forming more stable compounds termed Amadori products. Further rear-
rangement and oxidation of the latter compounds take place resulting in
AGEs [6, 23,94, 121, 125, 149].

The AGEs principally target long-lived connective tissue proteins
like type-1V collagen, tubulin, plasminogen activator-1, and fibrinogen
forming irreversible cross linkages among them [149]. The cross-links
formed later develop into tough fibers, which stiffen the blood vessels,
diminishing arterial and myocardial compliance as well as increasing
diastolic dysfunction and systolic hypertension [23, 67]. Modification
of the cellular matrix of the basement membranes by AGEs has also
been implicated in the severity of tissue damage in diabetic nephropa-
thy [121, 149].

Signaling of AGEs involves their interaction with their cell surface
receptors called the receptor of advanced glycation end products (RAGE).
Binding of AGEs to RAGE triggers the activation of NADPH oxidase
system, cytokine release, and free radical activity further enhances tis-
sue damage [157]. The production and translocation of NF-kf via the
Ras-MAPK pathway has been extensively studied as the product of the
association of AGEs and RAGE. NF-kp is a transcriptional factor that
modulates the transcription of vascular endothelial growth factor (VEGF),
which is a mitogen that stimulates the mitosis of endothelial cells there-
fore increasing their permeability and the progression of vascular diabetic
complications [123]. Experimental evidence reported a direct proportional
relationship between the levels of AGEs and the severity of diabetic com-
plications. Furthermore, it has been indicated that AGEs, alter enzymatic
activities, cause protein fragmentation, decrease ligand binding capacity



260 Bioactive Compounds of Medicinal Plants

and immunogenicity alterations [123]. Pentosidine, carboxymethyl-lysine
(CML, a product of glycoxidation), imadazolones, and pyrraline are the
predominant types of endogenous AGEs that have been studied exten-
sively [6].

11.6.3 INCREASED POLYOL FLUX PATHWAY

The polyol pathway (also known as the aldose reductase (AR) pathway)
is activated when there is an upsurge in the concentration of glucose in
cells [98]. The pathway utilizes keto-reductase enzymes to catalyze the
reduction of carbonyl compounds of sugars into their respective polyols
[65]. In the course of normal metabolism, AR facilitates the reduction of
reducing sugars into inactive alcohols, however if cells encounter excess
levels of glucose, AR as the rate limiting enzyme converts glucose into
sorbitol. The conversion depends on NADPH as the cofactor [37]. Oxida-
tion of sorbitol into fructose by sorbitol dehydrogenase (SDH) follows
with NAD" as the cofactor [65]. The most feasible explanation on how an
increased polyol flux causes detrimental tissue damage is the depletion
of NADPH in the aldo-keto reaction. NADPH is an important cofactor of
glutathione reductase in reactions that trigger the generation of glutathione
(GSH) from its oxidized form GSSH. Overconsumption of NADPH in
the aldo-keto reaction deprives glutathione reductase (GR) of its cofactor
resulting in attenuated GSH production, a critical antioxidant that scav-
enges free radicals and ROS.

Deficiency in GSH further depletes antioxidant defense systems lead-
ing to oxidative stress [37, 44, 65, 98]. In addition, phosphorylation of
fructose to fructose-3-phosphate takes place, the phosphorylated fructose
molecules undergo degradation resulting in the formation of 3-deoxyglu-
cosone. These two products of fructose phosphorylation are strong gly-
cosylating compounds that glycosylate molecules giving rise to AGEs
precursors [44]. The oxidation reaction of sorbitol to fructose by SDH
has been documented as the channel that favors ROS formation. This
is because in the reaction, NAD" is reduced to NADH. NADH is a sub-
strate of NADH oxidase in one of the pathways that forms ROS [44]. The
increased polyol flux oxidative damage was greatly indicated in the retina
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of the diabetic mice that overexpressed AR. Overexpression of AR and
sorbitol in diabetic mice also increased atherosclerosis and diabetic lesion,
respectively [65].

11.6.4 MITOCHONDRIAL PRODUCTION OF THE
SUPEROXIDE ANION

The mitochondria are cellular organelles housed in the cytoplasmic
area that are important in the survival and normal functioning of cells
[35]. The mitochondria are made up of two distinct areas that are sur-
rounded by inner and outer membranes. These membranes are impor-
tant in the maintenance of normal electrochemical gradients [53]. During
normal respiration in the electron transport chain (ETC), electrons from
reduced substrates pass through different redox centers grouped into four
complexes:

» complex I (NADH dehydrogenase),

» complex II (succinate dehydrogenase),

» complex III (ubiquinone cytochrome ¢ oxidoreductase), and
* complex IV (cytochrome oxidase).

The overall effect of the passage of electrons is the pumping of protons
(H") into the inner membrane space. This movement of H* generates a pro-
ton motive force across the inner membrane that translocates the protons
back into the matrix. As protons move back into the matrix, complex-V,
also termed ATP synthase, is driven thus leading to the generation of ATP.
Oxygen molecules are the final acceptors of these electrons resulting in
the formation of H,O and the superoxide anions [53, 120]. Although the
superoxide anion is produced during normal respiration, yet it has been
identified that evolution has mechanisms to counteract development of
OS because of the availability of endogenous antioxidants such as man-
ganese superoxide dismutase (MnSOD). MnSOD is a mitochondria=
derived enzyme that dismutates superoxide anions into hydrogen peroxide
(H,0,). Hydrogen peroxide is in turn converted to water and oxygen by the
enzyme, glutathione peroxidase (GPx) [39, 53, 69, 84].
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Prolonged exposure of cells to high glucose concentrations favors
the oxidation of glucose in the form of pyruvate. Oxidation of pyru-
vate increases the influx of electron donors NADH and FADH, into the
ETC increasing the voltage gradient across the mitochondrial mem-
branes. The electrons being transferred bypass complex-III to coenzyme
Q, which then donates them to oxygen molecules, generating excessive
amounts of superoxide anions [65, 87]. Production of superoxide anions
in this side reaction overpowers the ability of SOD to degrade them, thus
empowering oxidizing ability of superoxide anions on proteins, DNA
and lipids inflicting permanent oxidative changes. Moreover, hydrogen
peroxide generated in the reaction has been associated with the produc-
tion of hydroxyl radicals in the presence of ferrous ions. Hydroxyl radi-
cals are powerful free radicals that potentially cause tissue damage [35,
63]. Despite the implication of mitochondrial superoxide production in
diabetes, it has been implicated in the in the etiology of diseases such as
cancer, aging, ischemia, obesity, and Alzheimer’s and Parkinson’s dis-
eases [69, 140].

11.6.5 INCREASED ACTIVATION OF PROTEIN KINASE C

Protein kinase C (PKC) is an enzyme complex made up of 11 isoforms that
belong to serine/threonine-related protein kinases family. The enzymes
take part in the phosphorylation of the target proteins. Activation of PKC
isoforms requires the presence of calcium ions, phosphatidylserine (PS)
and diacylglycerol (DAG) [65]. Overactivity of the PKC pathway acts
as an alternative route for the formation of hyperglycemia-induced ROS.
Enhanced levels of glucose speeds up the synthesis of DAG via triose
phosphate in which the glycolytic enzyme, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), is inhibited by ROS. Inhibition of the GAPDH
favors the formation of a DAG precursor [24, 65]. Hyperglycemia also
increases the levels of dihydroxyacetone phosphate, which is reduced to
glycerol-3-phosphate. Glycerol-3-phosphate conjugates with fatty acids
thus increasing the de novo synthesis of DAG which further activates the
PKCs again [138]. PKC isoforms control several cellular signals like the
NADPH oxidase and NF-kp, the two have major roles in the events that
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trigger ROS production. Activation of PKCs by glucose further contrib-
utes to the abnormal increase in vascular permeability as a consequence of
the over-expression of vascular endothelial growth factor (VEGF), thick-
ening of the basement membrane, apoptosis, and expansion of extracel-
lular matrix [56, 59].

11.7 PHYSIOLOGICAL AND PATHOLOGICAL EFFECTS OF ROS
IN THE DEVELOPMENT OF DIABETES COMPLICATIONS

11.7.1 MALE INFERTILITY

Uncontrolled production of ROS that exceeds the seminal plasma antioxi-
dant capacity is a common phenomenon in diabetic patients that leads to
male infertility [49, 92,146]. Antioxidants are crucial in the maintenance
of free radicals within homeostatic levels that enable them to perform
their homeostatic functions at the same time preventing pathological dam-
age [52, 92]. Epidemiological and experimental studies have correlated
diabetes-linked oxidative stress and male infertility [17, 92] as evidenced
by testicular and epididymis dysfunction [75] in form of sperm cellular
membrane lipid peroxidation [145], decreased sperm motility [38] and
increased spermatic damage in diabetic patients [148].

At the cellular level, ROS attack can induce spermatozoal membrane
lipid peroxidation, DNA fragmentation, and apoptosis. These effects have
an overall ability to disrupt the motility of spermatozoa and negatively
impact their ability to support normal embryonic development [3, 8-10,
12, 91]. At the testicular level, ROS-induced oxidative stress disrupts the
steroidogenic capacity of Leydig cells as well as the capacity of the germi-
nal epithelium to differentiate normal spermatozoa [111].

While seminal plasma antioxidants may help to prevent spermatozoal
oxidative damage by ROS following ejaculation, they have no capacity
to counter testicular and epididymal oxidative stress [75]. This is partly
because during spermatogenesis and epididymal storage, spermatozoa are
not in contact with seminal antioxidants and therefore must rely on epi-
didymal/testicular antioxidants and their own intrinsic antioxidant capac-
ity for protection against oxidative damage. Considering this, spermatozoa
are vulnerable to oxidative damage during epididymal transit [38].
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11.7.1.1  Mechanisms by which ROS Cause Male Infertility

While spermatozoa are vulnerable to oxidative stress, the presence of ROS
appears to be crucial for the sperm to attain functional competence [4,
68, 134]. Under physiological conditions, normal metabolic processes are
responsible for the generation of ROS, which are vital in the transduction
of signals during complex spermatogenic biochemical cascades including
processes of sperm maturation, capacitation, hyperactivation, acrosome
reaction, and sperm-oocyte fusion [3, 7, 11, 49]. During the process of
spermatozoal maturation, ROS contribute to the development of a kerati-
nous-like protective coat called the membranous capsule around the mito-
chondria [132]. Hydrogen peroxide (H,0,) has been shown to contribute
to the formation of this capsule by oxidizing hydroperoxide glutathione
peroxidase (HPGxP), a phospholipid selenoenzyme, to form a chemical
intermediate capable of forming a selenadisulfide bond with reduced pro-
tein thiol groups of the capsule. The inactivation of PHGPx and oxida-
tion of thiol groups ultimately results in the production of a complex, yet
stable protein network of the mitochondrial capsule. The importance of
this mitochondrial capsule lies in the fact that deletion of spermatic mito-
chondrial capsule selenoprotein, seriously affects sperm motility despite
having normal sperm morphology [29]. The superoxide anion has been
shown to facilitate spermatozoal hyperactive motility providing sperma-
tozoa with the necessary propulsion to penetrate the cumulus oophorous
of the female gamete [47, 48]. Hyperactive spermatozoa exhibit an overall
nonlinear motility characterized by significant side-to-side displacement
of the sperm head, asymmetric flagellar movements, and high amplitude
[90, 113]. During spermatogenesis, capacitation ensures that only fer-
tile spermatozoal cells reach, bind, and fertilize the female gamete [29].
The superoxide anion is hypothesized to oxidize an essential thiol group
thereby activating the acrosome reaction. On the other hand, H,O, may
promote tyrosine phosphorylation indirectly through the activation of
tyrosine kinases (TKs) and inhibition of PTPases [90].

Physiological levels of ROS have been hypothesized to enhance sper-
matozoal capacitation by activating TKs, stimulating adenyl cyclase (AC)
and inhibiting the activities of PTPases. By doing so, ROS increases the
amount of tyrosine phosphorylation, one of the final and critical steps in
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capacitation [90]. During capacitation, by inhibiting PTPase activity, ROS
prevents dephosphorylation and deactivation of phospholipase-A, [PLA ],
which cleaves the secondary fatty acids from the triglycerol backbone
of the membrane phospholipid and increases membrane fluidity [8]. In
addition, by activating AC and downstream molecules during the acro-
some reaction, ROS may activate PLA,. After successful propulsion of
hyperactivated spermatozoa past the cumulous oophorous, the capacitated
spermatozoa must bind to the glycoprotein layer that surrounds the oocyte
called the Zona Pellucida (ZP), where they initiate the exocytotic release
of proteolytic enzymes [47]. Low concentrations of the superoxide anion
(O,), hydrogen peroxide (H,O,) and nitric oxide (NO~) have been dem-
onstrated to be essential for the acrosome reaction by activating AC that
triggers cAMP to initiate the exocytotic release of the enzymes [77,114].
Activities of ROS have also been shown to increase the affinity of sperm
for the ZP by the phosphorylation of membrane proteins at the sperm head,
namely the sperm adhesin family, fertilin-p and p47 [36]. After penetra-
tion of the ZP, a high degree of spermatic membrane fluidity is essential
for successful fertilization of the oocyte [9]. ROS are hypothesized to be
crucial in terms of increasing membrane fluidity at this point where they
increase the rate of sperm-oocyte fusion [172].

11.7.1.2 Lipid Peroxidation

The plasma membrane of spermatozoa is composed of polyunsaturated
fatty acid (PUFA), making them extremely susceptible to lipid peroxida-
tion (LPO) [41, 66, 156]. The makeup of PUFA includes more than two
carbon-carbon double bonds; hence these fatty acids maintain the fluidity
of spermatozoal membranes [134]. The membrane lipid components are
involved in the regulation of spermatogenesis, spermatozoal maturation,
capacitation, acrosome reaction, and membrane fusion. Under the influ-
ence of ROS, PUFA suffer lipid peroxidation, which is a self-propagating,
autocatalytic reaction [134] that leads to a significant reduction in mem-
brane fluidity [ 22, 96], loss of membrane enzyme system function and
increased non-specific permeability to ions [99]. As a consequence of lipid
peroxidation, spermatozoa rapidly lose ATP causing axonemal damage in
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form of defects in mid-piece morphology. The OS has also been shown
to decrease the viability of sperm and induce deleterious effects on sperm
capacitation and the acrosome reaction [30]. In this manner, lipid peroxi-
dation disturbs spermatozoal functions and in severe instances, completely
inhibits the process of spermatogenesis. Once ROS exerts its effects on
membrane lipids, peroxyl and alkyl lipid radicals are formed which con-
tinually propagate peroxidative damage until their effects are countered or
quenched by seminal antioxidants [51]. In this manner, LPO of sperma-
tozoa is considered as the key mechanism of ROS-induced spermatozoal
damage leading to male infertility.

11.7.1.3 DNA Damage

ROS has the potential to damage both nuclear DNA (nDNA) and mito-
chondrial DNA (mtDNA), but by contrast, mtDNA is more susceptible
to oxidative stress because its DNA is naked [163] and not bound by his-
tones, thus making them vulnerable to the effects of ROS, which arises
naturally from processes that occur within the mitochondria [137]. In
contrast, nDNA is less vulnerable to OS as it is tightly packed and stabi-
lized by disulfide bonds to form crystalline toroids [31]. Under normal cir-
cumstances, spermatozoal DNA is protected from oxidative effects by its
compact organization and antioxidants in the seminal plasma. As a conse-
quence of OS, mtDNA can suffer base modifications, base oxidation, and
denaturation into single-stranded DNA breaks, DNA crosslinks, base free
deletions, chromosomal rearrangements, chromosomal microdeletions,
point mutations, and polymorphism [81,148]. The mtDNA mutations may
cause a defect of mitochondrial energy metabolism [43]. In this manner,
low levels of mutant mtDNA can adversely compromise sperm motility in
vivo [152]. Due to all these oxidative effects, spermatozoa lack the capac-
ity to repair the damaging attacks of ROS on its DNA [45]. They do not
have the necessary cytoplasmic enzyme system to repair ROS-induced
DNA damage making their DNA prone to the effects of oxidative stress.
On that note, spermatozoa solely depend on the oocyte repair system for
the correction of less severe DNA damage including those that occur as
a consequence of OS as seen in diabetic patients [10]. However, in cases
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of extensive DNA damage, the oocyte repair mechanisms are inhibited
resulting in infertility. In this manner, the oocyte repair mechanism helps
prevent the propagation of abnormal DNA across generations [10].

11.7.1.4 Apoptosis

ROS may also initiate apoptosis that in turn promote male infertility.
Apoptosis is a natural physiologic process by which the body gets rid of
old, senescent cells including abnormal germ cells thereby preventing
their overgrowth during spermatogenesis [3, 133]. Research has shown
that high levels of seminal ROS correlates with decreased sperm variables
as seen in infertile men. In most cases, increased sperm damage by ROS
is associated with higher levels of cytochrome-c and caspases 3 and 9,
indicating that apoptosis is a significant factor of male infertility. High
levels of ROS are capable of disrupting the inner and outer mitochondrial
membranes thereby stimulating the release of cytochrome-c by the mito-
chondria. Cytochrome c in turn signals the release of caspases particularly
caspase 3 and 9, which induces apoptosis. Levels of these caspases have
been revealed to be significantly higher in infertile men. In this manner,
the mitochondria play a significant role in oxidative stress-induced apop-
tosis of spermatozoa [46, 171].

11.7.2 DIABETIC KIDNEY DISEASES

Diabetic kidney disease (DKD), which is a term used interchangeably
as diabetic nephropathy is a major complication of diabetes that affects
approximately 20-40% of diabetic patients globally. DKD is categorized
as a microvascular complication that develops into end stage renal disease
(ESRD) and cardiovascular disease, and as a result, increasing the mortal-
ity rate of diabetes. Diabetic kidney disease exists in several phases of
development that are initiated by different mechanisms. The initial marker
of diabetic kidney disease in the absence of other renal diseases, is the
leakage of albumin into the urine also referred to as urine albumin excre-
tion (UAE).
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11.7.2.1  Implication of OS in the development of DKD

It has been clearly demonstrated that OS plays a crucial role in impairing
normal kidney function in diabetes. Hyperglycemia disturbs normal cel-
lular processes through induction of OS and inflammation. Generation of
ROS in the renal tissue has been shown to be related to the modification of
the extracellular matrix, vasoconstriction, and overgrowth of the vascular
smooth muscles, endothelial dysfunction and sodium imbalance [55]. The
relationship between OS and cytokine production has been established as
ROS act as second messengers that activate various transcription factors
that encode for cytokine genes. For example NF-kf is a transcription fac-
tor produced via the Ras-MAPK pathway as a result of the association of
AGEs and RAGE. NF-kJ plays a key role in the events that lead mesangial
cell activation [123, 55]. The overproduction of the AGEs in renal tissues
has been reported as the chief pathway that exerts tissue damage as a result
of the formation of crosslinks within the renal matrix. The extensive dam-
age was ascribed to the role that the renal system plays in the final clear-
ance of these AGEs.

Other studies reported that long-lived AGEs in renal tissue cripple the
antioxidant defense functions of CuSOD and MnSOD thus empowering
ROS damage [60]. In addition, the effects of abnormal mitochondrial elec-
tron transport chain, auto-oxidation of glucose, activation of the polyol,
aldo-keto reductase and PKC pathways have also been strongly empha-
sized in the pathogenesis of diabetic nephropathy. Induction of apopto-
sis in renal tissue as a consequence of ROS production has been shown
by different studies [60, 87]. Other studies done in streptozotocin (STZ)-
induced animal subjects indicated that the inhibition of OS was successful
in response to certain interventions employed to reverse manifestations of
diabetic nephropathy [55].

11.7.3 DIABETIC LIVER DISEASE

The prevalence of diabetic hepatic disease in diabetic patients has been
estimated to lie between 17 and 100%, and association of the disease
has been reported in obese type-2 diabetic subjects [14]. Hepatic insulin
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resistance is the major metabolic factor reported in diabetics that leads
to the development of non-alcoholic fatty liver disease (NAFLD), which
describes different liver pathologies including benign conditions, hepatic
glycogenosis, and nonalcoholic steatohepatitis. Diabetic hepatologies are
frequently marked by the following clinical and metabolic features: abnor-
mal liver function tests, abdominal discomfort, nausea, vomiting, hepato-
megaly and increased glycogen storage in hepatocytes [62].

In type-1 diabetes, insulin deficiency negatively influences glucoki-
nase levels and hence lowering the glucose uptake in hepatic cells. In
response to the disturbed glucose metabolism, hepatic glucagon levels
increases thus initiating glycogenolysis and gluconeogenesis [14]. It has
been shown that decreased levels of insulin will cause glucose output
by the liver to increase. Overinsulization (as a result of insulin therapy)
in type-1 diabetes in turn causes hepatic glycogenosis where there is a
marked increase of glycogen molecules in hepatocytes. Hepatic glyco-
genosis is a reversible condition that is treated by glycemic control [83].
ROS have been implicated in the emergence of diabetic hepatopathies
to a lesser extent. The involvement of ROS has been linked to lipid
peroxidation of hepatocytes’ membranes and apoptosis of hepatocytes
[61].

11.8 MEDICINAL PLANTS AND THEIR HEALTH BENEFITS

Medicinal plants have been defined as naturally occurring substances
that possess potent compounds that can be utilized for therapeutic rea-
sons or synthetically modified to pharmacological drugs [167]. Plants are
fundamental to human and animal lives as both food and medicine. For
thousands of years, various cultures relied on plants as the primary source
of health care. It is estimated that almost 80% of the developing coun-
tries’ and 40—-60% of the developed countries’ populations still depend on
medicinal plants for the management and treatment of ailments [57,136,
167]. Africa is a continent where the use of medicinal plants is greatly
practiced for traditional and therapeutic purposes. The heavy dependence
on medicinal plants is undeniably a consequence of their accessibility,
safety and affordability [109]. It is documented that 122 pharmacological
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drugs have been developed from 94 plant species among the 250,000 plant
species available globally, although more than 20,000 have been docu-
mented to have medicinal values [58, 153]. Unfortunately, the validation
and inclusion of medicinal plants in the orthodox treatment regimens are
still lagging especially in Africa.

Throughout history, medicinal plants have been used to alleviate symp-
toms of various diseases such as cancer, diabetes, hypertension, infertility,
gastrointestinal problems, infections, headaches etc. [85]. Globally, infor-
mation pertaining to certain plants’ medicinal activities has been passed
from generation to generation, although some of the claims have been sci-
entifically proven to be erroneous [28]. Fortunately, scientific studies have
been able to confirm some of these claims and established the importance
of medicinal plants in health care. Plant-based diets composed of fruits,
vegetables, spices, teas, and seeds have been linked to the decreased risks
of developing noncommunicable diseases (NCDs) such as cancer and dia-
betes mellitus [126, 161].

In the past decades, an etiology of NCDs in Africa was generally low.
However due to rapid globalization and behavioral changes, increased
trends of NCDs are now common. Inclusion of genetically modified
organisms was unusual in Africa, while consumption of natural products
such as plant materials was common; thus explaining prior lower trends
of NCDs [164]. The burden of diabetes mellitus in Africa is reported to
be on the increase to such an extent that a 2.5 fold increase in its preva-
lence is expected by the years 2020-2025 [19]. Moreover, in sub-Saharan
Africa, more than 10 million people are reported to have type-2 DM and
if not urgently addressed, figures are expected to reach 18.7 million by
2025 [1, 97]. It has also been observed that hypertension imposes heavy
constrains in sub-Saharan regions as highest prevalence of this condition
was reported [ 15]. Without new approaches to redeem the escalating prev-
alence of NCDs and their secondary disorders in Africa, economic and
health burdens will keep crippling livelihood.

No doubt scientific advances have played a major role in the man-
agement of human diseases, orthodox formulations however have been
reported to have unfavorable effects, in addition to the high costs that
make it impossible for the populace in developing countries to rely on
[115]. This calls for comprehensive scientific investigations on medicinal
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plants for the development of cheap novel therapies. The nonnutritional
chemical components of medicinal plants, also referred to as phytochemi-
cals (including caretenoids, polyphenols, alkaloids, saponins, tannins, and
vitamins), possess established antioxidant activities against free radicals
that are chief factors implicated in the development of noncommunicable
diseases [144]. Inclusion of exogenous antioxidants from dietary sources
is important since there is consumption of endogenous antioxidants in bio-
logical systems in response to free radical attack [54].

In the 20™ century, drugs such as ectoposide, metformin, vinblastine,
vincristine, artemisinin etc. have been developed from medicinal plants.
This indicates clearly how medicinal plants have made a significant contri-
bution to modern therapeutics in the management and treatment of various
diseases. It is important to note that medicinal plants undisputedly play a
key role in the management of human health. The goal for optimizing the
usage of medicinal plants to prevent/ cure NCDs is thus imperative.

11.8.1 ROLE OF ANTIOXIDANTS IN PREVENTING
OXIDATIVE STRESS

An antioxidant is defined as “any substance, which when present in low
concentration compared to that of the oxidizable substrate, significantly
delays or attenuates the oxidation of that substrate and the final outcome is
its oxidation” [174]. Antioxidant is a broad term to characterize enzymes
that degrade free radicals (catalase, SOD, and glutathione peroxidase) and
proteins that have the ability to bind to metals to initiate free radical gen-
eration (transferring that bind iron) and exogenous antioxidants (vitamin
C, vitamin E, flavonoids, carotenoids, alpha-tocopherol) [124, 165]. The
antioxidant properties of these abovementioned compounds are derived
from their ability to:

* break the reaction chains of free radicals e.g. during lipid peroxida-
tion.

 sequestrate transition metal ions.

* repair damaged molecules.

* scavenge radicals (uric acid, ascorbic acid and albumin) [72, 112,
165].
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Constant replenishing of the endogenous antioxidant pool is essen-
tial because they are inevitably consumed during attack by free radical.
The shortage is counterbalanced by antioxidant supplementation from
plant materials. A growing body of evidence has shown that plants pos-
sess phytochemicals that exhibit strong antioxidant activities [53]. The
antioxidant compounds extracted from plants that have been associated
with high antioxidant powers include: flavanoids, isoflavones, flavones,
anthocyanins, coumarins, lignans, catechins, alkaloids, terpernoids,
polyphenols, and isocatechins [112]. For this reason, adequate intake of
exogenous antioxidants plays a fundamental role in the prevention and
treatment of various pathologies, which include diabetes, neurodegen-
erative diseases, pulmonary disorders, aging-related diseases and can-
cer [141, 168]. Studies conducted to compare the antioxidant levels of
non-diabetics and type-1 diabetic subjects reported a 16% lower level in
type-1 patients [124].

Accumulation of reactive oxygen species (ROS) and their ability to
oxidize biological molecules is known to contribute to an increased rate
of cell shrinkage, chromatin condensation, DNA fragmentation as well as
compromised signaling mechanisms [73]. Further, the lack of appropri-
ate defense strategies to revert the uncontrolled generation of ROS leads
to the development of adverse diabetic complications. The availability of
adequate supply of antioxidants greatly intercepts the oxidizing effects
of free radicals. In this chapter, authors examined two medicinal plants
(Catharanthus roseus and Punica granatum) and their therapeutic activi-
ties in respect to diabetes and associated complications.

11.9 CATHARANTHUS ROSEUS IN THE TREATMENT OF DM

Catharanthus roseus is a popular ornamental shrub that has its origin in
Madagascar; hence, its alternative name is “Madagascar periwinkle.”
It has been used traditionally in several countries to treat diseases such
as malaria, Hodgkins disease, skin diseases and diabetes [110, 127]. C.
roseus grows vertically up to 100 cm and is easily identified with its white,
dark pink, or purple petal like flowers and its oval leaves, which are glossy
and hairless [105]. The roots, leaves, and flowers of this plant have been
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used throughout ancient times in the treatment of various ailments. The
medicinal values of C. roseus were ascribed to the presence of more than
100 alkaloids. Among these alkaloids, vincristine and vinblastine have
been successfully isolated and used as anticancer agents because of its
anti-mitotic properties [159].

The antidiabetic activities of C. roseus have been extensively stud-
ied. It was reported that its leaves are consumed as tea to treat DM [127].
Various scientific evidences documented the increase in glucose utiliza-
tion in both in vivo and in vitro setups following administration of C.
roseus [158].

11.9.1 ROLE OF C.ROSEUS TO INCREASE THE ACTIVITIES OF
ENZYMES OF CARBOHYDRATE METABOLISM

Singh et al. [150] evaluated the effects of dichloromethane-methanol
(DCMM) leaf and twig extract of C. roseus on the activities of the
enzymes involved in the metabolism of carbohydrates in STZ-induced
Sprangue Dawley rats. From their findings; 500 mg/kg body weight
(B.W.) of DCMM leaf and twig extract of C. roseus reduced blood glu-
cose levels of diabetic rats by 57.6% and 48.6% in a treatment period of
15 and 7 days, respectively. They also reported increase in the activity
of glucose-6-phosphate dehydrogenase enzyme in treated diabetic rats
when compared to the untreated diabetic controls. Glucose-6-phospha-
tase dehydrogenase is a regulatory enzyme that plays an important role
in the pentose phosphate pathway. The higher activity observed in the
treated diabetic animals indicated improvement in glucose utilization.
In the same study, it was reported that treatment of diabetic rats with
the DCMM extract of C. roseus increased the activity of glucokinase.
The group additionally measured levels of malate dehydrogenase, an
enzyme that releases oxaloacetate required in the generation of citrate
in the citric acid cycle. In this reaction, oxaloacetate has to react with
acetyl-CoA to produce malate. Malate is a reactant needed in the cyto-
solic gluconeogenic pathway. The study showed significant increase in
the levels of malate dehydrogenase in the liver and plasma of treated
diabetic rats.
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11.9.2 ROLE OF C. ROSEUS TO ENHANCE EXPRESSION OF
GLUCOSE TRANSPORTER GENES

In a study that assessed the effects of C. roseus on the expression of glu-
cose transporter genes (GLUT-2 and GLUT-4), the investigators reported
that the mechanism through which C. roseus mitigates hypoglycemia is
by increasing the expression of GLUT-4 and GLUT- 2 genes. GLU-4 and
GLUT-2 molecules are insulin sensitive molecules that recruit glucose
from the extracellular environment into the cytosol during insulin signal-
ing. The liver and muscle cells are the main sites of action.

The effect of two different concentrations of ethanolic extract of C.
roseus leaves in STZ-induced rats was evaluated on the expression of
GLUT genes. Treatment of diabetic rats with ethanolic extracts of C.
roseus leaves was shown to enhance the expression of GLUT genes. Based
on the findings, it was concluded that in untreated diabetic rats, insulin
deficiency may contribute to the down regulation of GLUT gene expres-
sion [16].

11.9.3 ROLE OF C. ROSEUS TO PREVENT THE
DEVELOPMENT OF CVDs

Administration of the methanolic extract of C. roseus leaves for 14 days
in STZ-induced diabetic rats was found to significantly reduce the levels
of serum lipids. Improvement in the reduction of serum lipid parameters
may contribute to the delay or prevention of macrovascular complications
of DM. In the same study, a higher dose of 400 mg/kg B.W. significantly
reduced the levels of other serum lipids while it elevated the levels of HDL.
Investigations on the integrity of pancreatic B-cells in treated diabetic rats
versus the untreated diabetic controls showed that C. roseus can rejuvenate
the loss of B-cells. Loss of B-cells in the pancreas is a pathologic feature
observed in diabetes patients. The findings of this study strongly suggest
a need for further evaluation of C. roseus in higher animals or clinical tri-
als [89]. Similar findings were also reported by Ghosh and Suryawansh
[64], who measured the effects of the extracts of C. roseus leaf and flower
on diabetic rats and normal controls for 7 days. The serum triglycerides,
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cholesterol, and free fatty acids were reported to be elevated in diabetic
controls, whereas treatment with either the flower or leaf extract reduced
the serum lipids to near normal.

11.9.4 ROLE OF C. ROSEUS TO PREVENT DIABETES-
INDUCED OXIDATIVE STRESS

As previously highlighted, the development of DM complications is
attributed to the uncontrolled production of ROS. Zhang et al. [176] inves-
tigated the effect of C. roseus alkaloid mixture against DM in high fat diet-
fed diabetic rats. Induction of DM in the Wistar rats resulted in reduction
in the activities of antioxidant endogenous enzymes in different tissues.
Treatment of diabetic rats with the alkaloid mixture significantly increased
the activity of SOD in the heart, liver and kidney tissues by 130%, 108%
and 71%, respectively when compared to the untreated diabetic controls.
The activities of catalase (CAT) in the same tissues were reported to have
increased by 82.52%, 65.95%, and 25.79%, respectively. In addition, their
findings showed the reversal of TBARS levels to near normal in treated
diabetic group. The increase in the activities of the endogenous antioxi-
dant enzymes in diabetic rats after treatment indicated that the alkaloids
derived from C. roseus may potentially reduce glycation of enzymes and/
or decrease the levels of ROS. The results observed in this study concluded
that C. roseus might prevent diabetes-induced oxidative tissue damage and
therefore the risk of diabetic complications.

Additional antidiabetic research on C. roseus is summarized in Table
11.1.

11.10 PUNICA GRANATUM (POMEGRANATE)

Pomegranate (Punica granatum) is a medicinal plant that is native to the
Himalayas, northern India, and Iran, but has been cultivated and con-
sumed as a fresh fruit or in beverage form since ancient times over the
entire Mediterranean region [130, 131]. Based on scientific evidence,
pomegranate extracts have powerful antioxidant capacity [108] that is
superior to red wine and equal to or better than green tea due to their free
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radical scavenging properties [131]. The antioxidant activities of pome-
granate rely on the high polyphenol content, in particular ellagitinnins,
anthocyanins, and condensed tannins in pomegranate juice and other
components of this fruit. Scientific studies have revealed that pomegran-
ate juice has the ability to ameliorate diabetes-related oxidative stress
as evidenced by improved glycemic control, reduced lipid peroxidation,
improved antioxidant enzymatic status as well as the ability to prevent
various secondary complications of diabetes [130, 131]. Based on the
current scientific knowledge of the beneficial effects of pomegranate,
there is no doubt that this fruit is a valuable medicinal plant with great
potential in the management of diabetes mellitus and its associated sec-
ondary complications. Table 11.2 summarizes the antidiabetic research
on pomegranate.

11.10.1 POSSIBLE THERAPEUTIC EFFECTS OF
POMEGRANATE

The wide range therapeutic benefits of pomegranate may be attributable to
its several bioactive compounds and most research has focused on its anti-
oxidant, anticarcinogenic, antibacterial, antimicrobial, and anti-inflamma-
tory properties.

11.10.1.1 Pomegranate and Diabetes

Pomegranate juice (PJ) consumption significantly reduced oxidative
stress in the diabetic patients as evidenced by a 56% reduction in lipid
peroxides and a 28% reduction in TBARS compared to baseline serum
levels. In addition, a 39% decrease in uptake of oxidized LDL by human
monocyte-derived macrophages (an early development in foam cell for-
mation and atherogenesis) was observed in diabetic patients after PJ
consumption. Researchers concluded that despite the sugars naturally
present in pomegranate juice, consumption did not adversely affect dia-
betic parameters but had a significant effect on atherogenesis via reduced
oxidative stress. [131].
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11.10.1.2 Pomegranate and Antioxidant Capacity

In vitro assays demonstrated that pomegranate juice and seed extracts
have 2-3 times the antioxidant capacity of either red wine or green tea.
Pomegranate extracts have shown to scavenge free radicals and decrease
macrophage oxidative stress and lipid peroxidation in animals [131] and
increase plasma antioxidant capacity in elderly humans [71].

11.10.1.3 Pomegranate and Anticarcinogenic Properties

Various pomegranate extracts (juice, seed oil, peel) have also been dem-
onstrated to inhibit prostate cancer cell invasiveness and proliferation,
cause cell cycle disruption, induce apoptosis, and inhibit tumor growth, in
vitro. These studies also demonstrated that combinations of pomegranate
extracts from different parts of the fruit were more effective than any sin-
gle extract [13, 93]. These results indicate that pomegranate may reduce
prostate cancer because of its anti-proliferative, apoptotic, antioxidant,
and possibly anti-inflammatory effects [119]. Recent research also indi-
cates that pomegranate constituents inhibit angiogenesis via down regu-
lation of vascular endothelial growth factor in MCF-7 breast cancer and
human umbilical vein endothelial cell lines [160].

11.10.1.4 Anti-inflammatory Properties of Pomegranate

Cold-pressed pomegranate seed oil (CPSO) has shown to inhibit cycloox-
ygenase and lipoxygenase enzymes, which play major roles in the forma-
tion of inflammation mediators, in vitro [13]. Flavanoids extracted from
CPSO have been reported to inhibit cyclooxygenase by 31-44%, while
69-81% inhibition of lipoxygenase was observed. By comparison, the
pomegranate fermented juice (PFJ) extract in the same study resulted in a
23.8% inhibition of lipoxygenase in vitro [139].

11.10.1.5 Antimicrobial Activity of Pomegranate

Numerous in vitro studies [108, 169] and two human trials [102, 166]
demonstrated the antimicrobial activities of pomegranate extracts. The
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growth of Staphylococcus aureus, Streptococcus pyogenes, Diplococcus
pneumoniae, Escherichia coli O157:H7, and Candida albicans was inhib-
ited via direct bactericidal or fungicidal activities.

11.10.1.6  Antihypertensive Properties of Pomegranate

The PJ consumption by hypertensive patients inhibited serum angiotensin
converting enzyme activity (ACE: a catalyst for the conversion of angio-
tensin I to angiotensin II, a potent vasoconstrictor), thereby reducing sys-
tolic blood pressure [25] and potentially protecting against cardiovascular
disease. Animal studies have revealed three possible hypoglycemic mech-
anisms for Punica granatum extracts. Pomegranate flower extract (PFLE)
improved insulin sensitivity and lowered glucose levels in rats as early as
30 minutes post-glucose loading. PFLE also inhibited alpha-glucosidase
in vitro, thereby decreasing the conversion of sucrose to glucose [79].
PFLE demonstrated significant hypoglycemic activity in diabetic rats via
enhanced insulin levels and regeneration of pancreatic B-cells [88].

11.10.1.7 Pomegranate and Male Infertility

Research in rats demonstrated that PJ consumption is capable of improv-
ing epididymal sperm concentration, spermatogenic cell density, diameter
of seminiferous tubules, and sperm motility, and it decreased the num-
ber of abnormal sperms compared to control animals. An improvement in
antioxidant enzyme activity in both rat plasma and sperm was also noted
[162].

11.10.1.8 Erectile Dysfunction

A study using the rabbit model of arteriogenic erectile dysfunction (ED)
measured the effect of PJ concentrate on intracavernous blood flow and
penile erection. Azadzoi et al. [26] found that eight weeks daily adminis-
tration of 3.87 mL PJ concentrate (112 pumol polyphenols) significantly
increased intravenous blood flow and smooth muscle relaxation, an effect



Potential of Catharanthus roseus and Punica granutum 281

probably exerted via its antioxidant property to enhance NO preservation
and bioavailability [26].

11.10.1.9 Pomegranate and Obesity

PFLE (400 or 800 mg/kg/day) given to obese hyper-lipidemic mice for 5
weeks caused significant decrease in body weight, percentage of adipose
pad weights, energy intake, and serum cholesterol, triglyceride, glucose,
and total cholesterol/HDL ratios. Decreased appetite and intestinal fat
absorption were also observed, together with improvements mediated in
part by inhibition of pancreatic lipase activity [95].

11.11 BENEFICIAL EFFECTS OF SOME SELECTED MEDICINAL
PLANTS ON MALE REPRODUCTIVE SYSTEM IN DIABETES-
INDUCED SUBJECTS

Table 11.3 summarizes effects of selected medicinal plants on male repro-
ductive parameters.

11.12 CONCLUSIONS

The adoption of westernized diet in Africa has been documented to
propel the development of non-communicable diseases such as type-2
diabetes mellitus and its complications. The health promoting poten-
tials of medicinal plants have been attributed to the presence of both
nutritional and non-nutritional chemical compounds that can modify
and modulate biological systems and thus indorsing therapeutic effects.
A recent upsurge of ethno-pharmacology predilection has been linked
to safety, availability, and the cost of employing medicinal plants in
research. In Africa, a number of medicinal plants have been tradi-
tionally used to treat diabetes. In this chapter, authors reviewed the
studies were conducted on two plants Pomegranate and Catharanthus
roseus in the treatment of diabetes mellitus and its complications such
as cardiovascular-related disorders, male infertility and hepato-renal
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disorders. This review calls for comprehensive scientific investiga-
tions on medicinal plants on the validation and development of cheap
novel therapies.

11.13 SUMMARY

Medicinal plants have been in use since ancient times to treat various dis-
eases and ailments. They have undoubtedly played very significant roles
in the maintenance of human health and livelihood. Throughout history,
the intake of plants as food has been shown to enhance human health
nutrition.

Previous studies on these two medicinal plants reported on their effec-
tiveness against diabetes-induced oxidative stress, inflammation, hyper-
lipidemia, hyperglycemia, and male infertility. The antioxidant activities
of these plants could possibly be responsible for the delay and/ preven-
tion of the development of DM complications. These plant species there-
fore appear to contain promising antidiabetic agents that need further and
extensive study.

KEYWORDS
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12.1 INTRODUCTION

Hypertension is a part of the metabolic syndrome in which the blood pres-
sure is elevated. Persistent hypertension has been linked to several cardio-
vascular diseases (CVDs) such as stroke, heart attack, and heart failure
[56]. The oxidative stress (OS) associated with these diseases can result in
inflammation of the heart [29]. Evidence has shown that these diseases are
caused by free radicals [38]. Oxidative stress results from either a decrease
in natural cell antioxidant capacity or an increase in the amount of reactive
oxygen species (ROS) in organisms.

Worldwide hypertension is estimated to cause 7.1 million premature
deaths and its prevalence in developing countries is as high as those in
developed countries [65]. This pathologic condition can be caused by an
increase in the cardiac output volume or by an increase in peripheral resis-
tance. However, in 90% of patients with high blood pressure, the cause of
hypertension is unknown, and these individuals are termed as carriers of
essential hypertension [65].

Hypertension is grouped into two main categories: primary and second-
ary hypertension. Primary hypertension is also known as essential hyperten-
sion and it affects 95% of persons suffering from this disease. The primary
causes of hypertension are not yet known; however, factors such as age,
high salt intake, low potassium diet, sedentary lifestyle, stress as well as
genes have been found to be contributors to hypertension [20]. High blood
pressure occurring as a result of a consequence of another disorder or a side
effect of medication is referred to as secondary high blood pressure. Such
disorders may include renal failure or reno-vascular disease. This type of
blood pressure is evident in about 5 to 10% of cases [20].

The prevention of high blood pressure is recognized as the control-
ling key to hypertension especially in developing countries. The treatment
of hypertension in developing countries is unaffordable for the average
worker. This is due to the fact that, the lowest treatment pharmacologically
is recorded to be 7.5-12% of the monthly income of the average worker
in developing countries [20]. In effect, it is impossible for a better treat-
ment pharmacologically. Thus, the need for understanding the disease and
controlling it with preventive measures is a key to reduce high prevalence
in developing country. However, consumption of foods rich in antioxidant
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phytochemicals may help fight degenerative diseases caused by oxidative
stress of the heart by improving the body’s antioxidant status [20].

Although many antihypertensive drugs have been discovered such as
captopril, enalapril, atenolol, etc., recent research studies have focused on
finding cheap and affordable therapeutic agents with minimal side effects
for effective treatment of hypertension, due to high cost and side effects
associated with these drugs. During the last two decades, many studies
have focused on the dietary prevention of hypertension development, with
a particular interest in plant foods with promising potential but the mecha-
nisms still remain to be explored.

Ginger (Zingiber officinale) rhizome is a perennial plant in the fam-
ily Zingiberaceae and is a large biennial herb that grows abundantly in
South Asia. It is consumed as delicacy, medicine, or spice and used in folk
medicine for the treatment of several diseases such as stomach ache, diar-
rhea, asthma, and gastrointestinal and respiratory diseases [58]. It contains
several hundred valuable compounds and new constituents are still being
found [1]. The hypotensive effect of aqueous extract of ginger rhizomes
has been reported by Ghayur and Gilani [25]. It is also recommended by
the traditional healers in South Asia for use in cardiopathy, high blood
pressure, palpitations and to improve the circulation for its use as a vaso-
dilator [1]. The most famous traditional medicinal use of Z. officinale is
to promote the blood circulation for removing blood stasis and the mech-
anism is related to anti-platelet aggregation activity [33]. In traditional
medicine, it is used as a therapy against hypertension and several cardio-
vascular diseases with limited scientific basis for their action.

Another notable member of ginger family is turmeric (Curcuma longa),
which is a rhizomatous herbaceous perennial plant in the ginger family,
employed as a dye source and food colorant due to its characteristic yel-
low color [21]. Turmeric is one of the main ingredients for curry powder
and can be used as a drink to treat colds and stomach ache [21]. Curcumi-
noid compounds are major phytochemicals of the turmeric and they are
responsible for the characteristic yellow color and have been reported to
exert several medicinal properties [9, 21]. Turmeric rhizomes have been
reported to reduce the uptake of cholesterol from the gut [9]. Arun and
Nalini [10] have reported the hypoglycemic properties of turmeric in dia-
betic albino rats. In addition, curcumin from turmeric rhizomes have been
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shown to possess anti-inflammatory properties and potential therapeutic
effect against neurodegenerative and cardiovascular diseases [32].

In this review, the authors examined recent research on mechanisms of
action by which ginger and turmeric rhizomes are currently being used in
traditional medicine for the treatment of hypertension and several cardio-
vascular diseases.

12.2 ROLE OF REACTIVE OXYGEN SPECIES IN HYPERTENSION

Literature has shown that excessive generation of reactive oxygen species
(ROS) contributes to hypertension and that scavenging of ROS decreases
blood pressure. Nakazono et al. [41] showed that bolus administration of
a modified form of superoxide dismutase (SOD) acutely lowered blood
pressure in hypertensive rats. Membrane-targeted forms of SOD and SOD
mimetics (such as tempol) can lower blood pressure and decrease reno-
vascular resistance in hypertensive animal models [4, 52]. There is ample
evidence suggesting that ROS not only contribute to hypertension but that
the reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase is their major source. Components of this enzyme system are upreg-
ulated by hypertensive stimuli, and NADPH oxidase enzyme activity is
increased by these same stimuli. Hypertension is associated with increased
ROS formation in multiple organs, including the brain, the vasculature,
and the kidney, all of which could contribute to hypertension.

12.3 EFFECT OF GINGER AND TURMERIC RHIZOMES ON
ANGIOTENSIN-1 CONVERTING ENZYME (ACE) ACTIVITY

The renin-angiotensin aldosterone system (RAS) plays a major physi-
ologic role in the regulation of blood pressure and maintaining sodium
homeostasis [8]. This system has been suggested to play important role
in pathologic conditions such as hypertension and other cardiovascular
diseases [60]. Angiotensin-1 converting enzyme (ACE) is a zinc metallo-
peptidase, which plays a vital role in regulation of blood pressure by con-
verting the inactive peptide, angiotensin I (Ang I) into vasoconstrictor and
trophic angiotensin II (Ang I1) [18]. ACE exists both as a membrane-bound
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enzyme in various organs such as heart, blood vessels, kidney and in a
freely soluble form in plasma [8, 60]. Several reports have demonstrated
that RAS is altered in a model of chronic administration of L-NAME [2,
5]. It has been shown that blockade of the RAS with angiotensin-convert-
ing enzyme inhibitor or with an angiotensin II (Ang II) receptor antago-
nist prevents the elevation of blood pressure in L-NAME-treated animals
[2]. Recent studies by Akinyemi et al. [5] revealed that oral administra-
tion of L-NAME resulted in the activation of renin—angiotensin system
via increased ACE activity. However, dietary supplementation with both
ginger and turmeric rhizomes caused a significant reduction in serum and
kidney ACE activity. The decrease in ACE activity as a result of introduc-
tion of the dietary rhizomes has been linked to the synergistic effect of the
phenolic compounds such as caffeic acid, gallic acid, quercetin, curcumin,
etc. that are present in the rhizomes. This was in agreement with an in
vitro study reported by Akinyemi et al. [5, 8], where aqueous extracts from
ginger and turmeric rhizomes inhibited ACE in a dose-dependent manner.
Phenolic compounds such as curcumin from turmeric rhizomes have
been reported to inhibit ACE activity either as a single compound or in syn-
ergy with other compounds [13, 43]. This approach has been used in various
practices of traditional medicine, where mixture of plant constituents is com-
monly prescribed for the treatment/management of hypertension [35, 67].

12.4 EFFECTS OF GINGER AND TURMERIC RHIZOMES
ON ENDOTHELIAL NITRIC OXIDE SYNTHASE (ENOS) AND
ARGINASE ACTIVITIES

Angiotensin II produced in RAS from angiotensin I by the action of ACE
is a vasoconstrictor in renal vessels and has been implicated in hyperten-
sion [50]. However, its effect under pathological conditions is counteracted
by nitric oxide (NO), which serves as a potent vasodilator and plays an
important role in maintaining vascular tone [50]. In the kidney, NO is syn-
thesized primarily by endothelial nitric oxide synthase (eNOS) and plays
crucial role in vasodilation [44]. L-arginine is primarily viewed as a sub-
strate for NO formation, but L-arginine is involved in multiple biochemi-
cal pathways, and the availability of L-arginine for NO formation depends
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upon the concentration of plasma L-arginine and the relative activity of
competing intracellular pathways [40]. Arginase converts L-arginine to
form urea and ornithine, and several studies have suggested that there is
an intracellular competition between eNOS and arginase enzymes for their
common substrate L-arginine [5, 40].

Akinyemi et al. [5] observed that there was an increase in arginase
activity in hypertensive rats treated with L-NAME. However, dietary
ginger and turmeric rhizomes inhibited arginase activity in hypertensive
rats. Previous studies have reported up-regulation of arginase activity and
decreased NO in hypertension [11, 37]. The decrease in arginase activity
in ginger and turmeric rhizomes in hypertensive rat has been linked to
their inhibitory effect on arginase activity in a dose-dependent manner in
vitro. However, several authors have reported that dietary plant phenolics
exhibited an inhibitory effect on arginase activity [31, 36].

Enhanced arginase activity can impair endothelium-dependent vaso-
relaxation by decreasing L-arginine availability to endothelial nitric oxide
synthase (eNOS), thereby reducing NO production and uncoupling eNOS
function. Nitric oxide (NO) is essential to normal cardiovascular function
and blood pressure control.

12.5 EFFECTS OF GINGER AND TURMERIC RHIZOMES ON
INFLAMMATORY CYTOKINES

Low grade inflammation has been recognized to play a crucial pathophysi-
ological role in hypertension and other cardiovascular diseases [32]. There
is evidence indicating that innate and adaptive immune systems, and in
particular T-cells, are involved. A balance between T-effector lymphocytes
and T-regulatory lymphocytes represents a crucial regulatory mechanism
that, when altered, favors blood pressure elevation and organ damage
development [62]. Inflammation participates in many processes that con-
tribute to the development of elevated blood pressure (BP) by enhanc-
ing the proliferation of smooth muscle cells vascular remodeling [62, 63].
Moreover, the release of pro-inflammatory cytokines modifies the normal
state of vasodilatation mainly because of a low availability of nitric oxide
(NO) [62, 63]. The immune system is essential to host defenses compris-
ing an interactive network of lymphoid organs and immune cells [22].



Ginger and Turmeric Supplemented Diet 307

Thus, agents that can modify the immune function have been suggested
as a therapeutic approach in improving the outcomes in hypertension and
cardiovascular diseases associated with inflammation. This approach has
been discovered to be a novel means in the treatment of hypertension and
other cardiovascular diseases [12, 47].

The immune and inflammatory processes can be altered by extracellu-
lar adenine nucleotides and nucleosides such as ATP and adenosine, which
have been recognized as key components of the purinergic system [16].
The ATP acting through specific purinergic receptors on cell surface and is
involved in pro-inflammatory actions such as lymphocyte stimulation and
proliferation as well as cytokine release including I1L-2, IFN-y, IL-1p, and
TNF-a [12, 45, 47]. The breakdown product, adenosine, exhibits potent
anti-inflammatory and immunosuppressive actions by inhibiting both pro-
liferation of T-cells and secretion of pro-inflammatory cytokines, such as:
TNF-a and IFN-y [28].

Thus, current specific hypertension treatments have focused on
targeting inflammatory cytokines, and some studies demonstrated the
correlation between levels of circulating inflammatory mediators and
patient survival [30, 39]. In a more recent study by Akinyemi et al.
[6], dietary supplementation with ginger and turmeric rhizomes pre-
vented alterations in the inflammatory cytokines in hypertensive rats.
This effect has been attributed to their immunomodulatory potential by
causing a decrease in pro-inflammatory cytokines with a concomitant
increase in anti-inflammatory cytokines under hypertensive state. A pre-
vious study has reported the use of anti-inflammatory/immunomodula-
tory agents (thiazolidinedinones, rapamycin, cyclosporine, and STAT3
inhibitors) as an emerging therapy for the treatment of hypertension in
animal models [56].

12.6 EFFECTS OF GINGER AND TURMERIC RHIZOMES ON
PLATELETS PURINERGIC SYSTEMS

Hypertension is a risk factor for athero-thrombosis events, in which plate-
lets play a crucial role [64]. Platelets are one of the most important blood
components that participate in maintaining vascular integrity promoting
the primary and secondary hemostasis that occur after vessel damage [64].
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Altered platelet morphology and function have been reported in patients
with hypertension and may be associated with an increased risk of devel-
oping vascular disease [59, 61]. Furthermore, it has been demonstrated
that platelets of these patients exhibit a greater tendency toward spontane-
ous aggregation and are highly hypersensitive to agonists such as ADP
[26, 53]. Platelets express a multienzymatic complex on their surface,
which is responsible for extracellular nucleotide hydrolysis. This complex
includes enzymes: ecto-nucleoside triphosphate phosphohydrolase (NTP-
Dase), ecto-5'-nucleotidase, and ecto-adenosine deaminase (ADA) [24].
NTPDases hydrolyses ATP and ADP to AMP [46], while ecto-5’-nucleo-
tidase hydrolyses the resulting AMP to adenosine [57]. ADA enzyme cata-
lyzes the irreversible deamination of adenosine to inosine [15]. Together,
these ecto-enzymes constitute a highly organized enzymatic cascade that
is able to regulate the extracellular concentrations of adenine nucleotides
and nucleosides and play an important role in the maintenance of normal
hemostasis and thrombo-genesis, mainly by regulating the platelet aggre-
gation status [68].

Akinyemi et al. [7] demonstrated that platelet NTPDase, 5'-nucleotid-
ase and ADA activities were altered in hypertensive rats. They reported an
increase in ATP hydrolysis with a concomitant decrease in ADP and AMP
hydrolysis in the L-NAME hypertensive rats, while ADA activity was
significantly increased when compared with the control. Previous studies
have demonstrated an alteration in NTPDase and 5’-nucleotidase activi-
ties in platelets of hypertensive rats [19, 34, 51].

Extracellular nucleotides such as ATP and ADP and their nucleoside
adenosine are known to regulate the vascular response to endothelial
damage by exerting a variety of effects on platelets [14]. The metabo-
lism of these extracellular nucleotides of adenine in platelets occurs by
the action of the surface located enzyme cascade constituted by NTPDase,
5’-nucleotidase and ADA [14, 24]. These enzymes have an important
role in thrombo-regulation process, and alterations in their activities have
been observed in hypertension, suggesting that this could be an important
physiological and pathological parameter [19, 34, 51]. However, treat-
ment with ginger and turmeric supplemented diet prevented an increase
in platelets ADP and AMP hydrolysis in L-NAME hypertensive rat. Based
on this finding, the authors suggest that treatment with ginger and turmeric
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rhizomes can maintain a high level of adenosine in the extracellular envi-
ronment, which promotes vasodilation and has an important protective
role under hypertensive state. This increase in adenosine production in
hypertensive rats by both rhizomes in platelet will prevent platelet aggre-
gation, which may suggest possible mechanism for their action in lower-
ing systolic blood pressure.

12.7 EFFECTS OF GINGER AND TURMERIC RHIZOMES ON
ANTIOXIDANT STATUS

It is well established that there is a link between hypertension and oxida-
tive stress [17, 27]. The relationship between the development of hyper-
tension and the increased bioavailability of ROS, decreased antioxidant
capacity, or both, has been demonstrated in several experimental models
of hypertension, as well as in human hypertension [3, 4, 27]. The increased
levels of ROS such as superoxide anion, hydrogen peroxide and lipid per-
oxides have been reported in hypertensive patients [17]. Arterial hyperten-
sion is often associated with pathologies related to oxidative stress and
may be considered as the result of oxygen free radicals systemic damage
in different target tissues. Furthermore, growing evidence from animal
studies suggests that oxidative stress in the kidney could be a key factor in
the development and persistence of hypertension [66].

Intracellular defense against active oxygen species is performed by anti-
oxidant enzymes (superoxide dismutase and catalase) and non-enzymatic
antioxidants such as reduced glutathione (GSH) and vitamin C [48]. The
loss of the balance between oxidation and antioxidation may lead to promot-
ing the generation of OH, which is a powerful oxidant for many compounds.

In arecent work by Akinyemi and colleagues but not yet published, oral
administration of L-NAME caused a decrease in the antioxidant enzymes
(superoxide dismutase and catalase) and non-enzymatic antioxidants (total
and non-protein thiols and vitamin C) with a concomitant increase in
serum reactive oxygen species (ROS) level in L-NAME hypertensive rats.
However, pre-treatment with both ginger and turmeric rhizomes were able
to restore the levels of both enzymatic and non-enzymatic antioxidants
with a concomitant decrease in serum ROS.
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Furthermore, 6-Aminolevulinic acid dehydratase (3-ALA-D), also
known as porphobilinogen synthase (PBGS, EC 4.2.1.24), catalyzes the
asymmetric condensation of two molecules of S-aminolevulinate to pro-
duce porphobilinogen, which is the precursor of porphyrins [49]. It is a
metalloenzyme containing sulthydryl (-SH) groups and zinc, which are
essential for its activity [49]. Evidence has indicated that 5-ALA-D enzyme
is highly sensitive to the presence of a variety of pro-oxidant elements,
which oxidize SH- groups of this enzyme impairing its activity [18, 42].
The inhibition of 6-ALA-D activity may prejudice heme biosynthesis and
can result in the accumulation of aminolevulinic acid that, under physiolog-
ically conditions, can have pro-oxidant effects contributing to the oxidative
stress [18]. In the same study by Akinyemi and colleagues but unpublished,
the activity of 3-ALA-D was significantly decreased in the whole blood,
hepatic and renal tissues of L-NAME hypertensive rats. The results are in
accordance with data found in human and experimental pathological condi-
tions [23, 54]. Thus, the decrease in 3-ALA-D activity found in this study
may be linked to the significant reduction in the antioxidant defenses in
renal tissues of L-NAME hypertensive rats, especially in non-protein thiol
(NPSH) content, which is responsible for preventing the oxidation of the
sulthydryl groups necessary for the activity of this enzyme [42].

The treatment with ginger and turmeric rhizomes was able to pre-
vent the inhibition in 3-ALA-D activity in whole blood, liver and kid-
ney of hypertensive rats suggesting that both rhizomes can prevent the
oxidation of essential SH- groups located at its active site of 3-ALA-D
and consequently its inhibition. Indeed, in this study ginger and tur-
meric rhizomes prevented the reduction of NPSH levels in renal tissues
in L-NAME induced hypertensive rats. Therefore, it could be expected
to protect other endogenous thiols such as those found in 3-ALA-D
enzyme. Consequently, the prevention of a decrease in NPSH content,
as well as a decrease in oxidative stress in hypertensive rats by both
rhizomes, could be associated in prevention of decrease in 5-ALA-D
activity. Furthermore, this study revealed that the inhibition of 6-ALA-D
enzyme is closely related to the development of hypertension in rats,
pointing out the importance of antioxidants to minimize deleterious
effects of hypertension.



Ginger and Turmeric Supplemented Diet 311

12.8 SUMMARY

Ginger and turmeric rhizomes have shown to exhibit inhibitory effects on
ACE activity, antioxidant properties (by improving antioxidant status and
suppressing oxidative stress), anti-inflammatory properties (by preventing
release of pro-inflammatory agents such as IL-1, IL-6, IFN-y and TNF-a
that can mediate inflammation), and modulatory effect on platelet ecto-
nucleotidase (NTPDase, 5’-nucleotidase and ADA) activities resulting in
an increase adenosine levels in hypertensive rats. Therefore, the preven-
tion of alterations in the enzyme activities linked to rennin and purinergic
systems in hypertensive rats by both rhizomes could suggest some pos-
sible mechanism of action for their antihypertensive benefits in traditional
medicine. However, the observed effect could be attributed to the phenolic
compounds present in the rhizomes.
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GLOSSARY OF TECHNICAL TERMS

Abscess is a swollen area within body tissue, containing an accumulation
of pus.

Adenylate cyclase is an enzyme with key regulatory roles in essentially all
cells, catalyzing the conversion of adenosine triphosphate (ATP) to
3’,5’-cyclic AMP (cAMP) and pyrophosphate.

Agar diffusion assay is a test of the antibiotic sensitivity of bacteria.

Allopathy is the scientific, evidence-based approach to healing, such as
the use of conventional medicines for treatment.

Alpha-amylase is an enzyme that hydrolyses alpha bonds of large, alpha-
linked polysaccharides, such as starch and glycogen, yielding glu-
cose and maltose.

Alpha-glucosidase is an enzyme that breaks down starch and disaccha-
rides to glucose.

Ameliorate refers to improve or make an unpleasant situation better, more
bearable or more satisfactory.

Ankylosing spondylitis is a type of autoimmune arthritis which causes
chronic inflammation in the joints of the spine and pelvis.

Antidiabetic refers to drugs that treat diabetes mellitus by lowering glu-
cose levels in the blood.

Antimicrobial is an agent that kills microorganisms or inhibits their
growth.

Antioxidant is a substance that inhibits oxidation, especially one used to
counteract the deterioration of stored food products.

Apoptosis is the pre-programmed cell death, but can occur due to the
presence of molecules that trigger events leading to characteristic
cell changes (morphology) and death. These changes include cell
shrinkage, nuclear fragmentation, chromatin condensation, chro-
mosomal DNA fragmentation, and global mRNA decay.
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Autoimmune inflammatory diseases are a group of diseases arising from
abnormal immune responses to a normal body part.

Axenic amastigote is a culture in which only a single type of protist cell
that does not have visible external flagella or cilia and at a certain
phase in the life-cycle of trypanosome protozoans is present and
entirely free of all other contaminating organisms.

Ayurveda is a traditional Hindu system of medicine based on the idea of
balancing body systems through diet, herbal treatment and yoga.

Bambara groundnut (BGN) refers to grain legume grown mainly by sub-
sistence farmers in sub-Sahara Africa.

Bioactive compound is a compound that has an effect on a living organ-
ism, tissue/cell.

Bioactivity is the effect of a drug upon a living organism or living tissue.

Bioavailability refers to the degree and rate at which a drug is absorbed
and becomes available at the site of physiological activity.

Biomarker refers to a naturally occurring molecule, gene, or character-
istic by which a particular pathological or physiological process,
disease, can be identified.

Cancer is a group of diseases involving abnormal cell growth with the
potential to invade or spread to other parts of the body.

Candidiasis is a fungal infection due to any type of Candida (a type of
yeast). When it affects the mouth, it is commonly called thrush.

Capacitation is the penultimate step in the maturation of mammalian
spermatozoa and is required to render them competent to fertilize
an oocyte.

Carbuncle is a severe abscess or multiple boil in the skin, typically
infected with Staphylococcus bacteria.

Carcinogenesis is the formation of a cancer, whereby normal cells are
transformed into cancer cells.

Chalcones are aromatic ketone and an enone that forms the central core
for a variety of important biological compounds, which are known
collectively as chalcones or chalconoids.

Chromatography is an analytical technique that is used to separate mix-
ture of substances into its components based on movement of two
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phases (one stationary phase and one mobile phase) moving at
definite direction to achieve separation.

Chronic diseases are long medical conditions that are generally progres-
sive.

Cisplatin is a chemotherapy agent within a class of platinum-containing
anti-cancer drugs.

Crohn’s disease is a chronic inflammatory disease of the gastrointestinal
tract.

Cytokines are a category of small proteins (~5 to 20 kDa) that are impor-
tant in cell signaling, involved in autocrine signaling, paracrine
signaling and endocrine signaling as immunomodulating agents.
Cytokines also refers to a group of proteins made by the immune
system that act as chemical messengers.

Cytotoxicity is the quality of being toxic to cells.

Decoction is an extract prepared by suspending the material to be extracted
in cold water.

Dermatomycosis is a superficial fungal infection of the skin or its append-
ages.

Diabetes is a group of metabolic diseases in which there are high blood
sugar levels over a prolonged period.

Diabetes mellitus is a group of metabolic disorders of carbohydrate
metabolism in which glucose produced is being underutilized,
thereby resulting in excess glucose in the blood stream.

Diuresis refers to increased or excessive production of urine.

Enzyme is a substance produced by a living organism which acts as a
catalyst to bring about a specific biochemical reaction.

Epimastigote is a growth stage in the life cycle of some Trypanosomatids.
Essential oils are natural oils obtained by distillation of plant materials.

Ethnobotany is the study of regions plants and their practical uses through
the traditional knowledge.

Ethnopharmacology refers to a study or comparison of the traditional
medicine practiced by various ethnic groups, and especially by
indigenous peoples.
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Flavonoids are a large group of plant or fungal secondary metabolites
which contain a 15 carbon skeleton which consists of 2 phenyl
rings and a heterocyclic ring.

Folklore refers to the traditional beliefs, myths, tales, and practices of a
people, which have been disseminated in an informal manner from
generations to genrations.

Free radical is an uncharged molecule (typically highly reactive and
short-lived) having an unpaired valency electron. Free radical is
any atom or molecule that has a single unpaired electron in an outer
shell.

GC-MS is gas chromatography—mass spectrometry; an analytical method
that combines the features of gas-chromatography and mass spec-
trometry to identify different substances within a test sample.

Genus is a taxonomic rank used in the biological classification of living
and fossil organisms in biology.

Glycation is the result of the typically covalent bonding of a protein or
lipid molecule with a sugar molecule, such as glucose, without the
controlling action of an enzyme.

Hydroxyl radical (¢*OH) is the neutral form of the hydroxide ion (OH").
Hydroxyl radicals are highly reactive and thus generally short
lived.

Hyperglycemia is the abnormal increase of glucose in the blood.

Hypertension is also known as high blood pressure, is a long-term medi-
cal condition in which the blood pressure in the arteries is persis-
tently elevated.

IC_, is the half maximal inhibitory concentration, representing the concen-
tration of a drug that is required for 50% inhibition in vitro.

IDDM is a type of diabetes mellitus whereby there is relative or absolute
secretion of insulin due to pancreatic beta cells destructions. It is
otherwise referred to as type 1 DM.

Infertility refers to an inability of a couple, living together, to achieve
conception after a period of regular and unprotected sexual inter-
course.
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Inflammation refers to a localized physical condition in which part of the
body becomes reddened, swollen, hot and often painful, especially
as a reaction to injury or infection.

Infusion is the process of extracting chemical compounds or flavors from
plant material in hot water by allowing the material to remain sus-
pended in the solvent over time.

LC,, is the concentration of extract required to produce mortality in 50%
of the test subjects.

Lipid peroxidation refers to the process under which oxidants such as
free radicals or non-radical species attack lipids containing car-
bon-carbon double bond(s), especially polyunsaturated fatty acids
(PUFAs) that involve hydrogen abstraction from a carbon, with
oxygen insertion resulting in lipid peroxyl radicals and hydroper-
oxides.

Lipopolysaccharides are large molecules consisting of a lipid and a poly-
saccharide composed of O-antigen, outer core and inner core joined
by a covalent bond, and which elicit strong immune responses in
animals.

Medicinal plants are naturally occurring substances that possess potent
compounds that can be utilized for therapeutic reasons or syntheti-
cally modified to pharmacological drugs.

Minimum inhibitory concentration (MIC) is the lowest concentration
of a chemical that prevents visible growth of a bacterium.

Multiple sclerosis is a chronic, progressive autoimmune inflammatory
disease which results in damage to nerve sheath, resulting in a
myriad of symptoms.

Neurodegenerative diseases is defined as a deterioration, often irrevers-
ible, of the intellectual and cognitive faculties and it is generally
associated with ageing and/or AD, PD, stroke.

Neuroprotection refers to the strategies and relative mechanisms able to
defend the central nervous system (CNS) against neuronal injury
due to both acute (e.g. stroke or trauma) and chronic neurodegen-
erative disorders (e.g. Alzheimer’s disease, AD, and Parkinson’s
disease, PD).
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Non-communicable disease is a medical condition or disease that is not
caused by infectious agents (non-infectious or non-transmissible
organisms.

Non-insulin dependent diabetes mellitus is a type of diabetes mellitus
whereby the insulin produced or secreted by pancreatic beta cells
is resistant to body cell for glucose uptake. It is maturity onset.
Otherwise referred to as type 2 DM.

Nutritional refers to the process of nourishing or being nourished.

Nutritional therapy is a healing system using functional foods and nutra-
ceuticals as therapeutics. This complementary therapy is based
on the assumption that food is not only a source of nutrients and
energy, but can also provide health benefits. In particular, the
reported health-promoting effects of plant foods and beverages can
be ascribed to the numerous bioactive chemicals present in plant
tissues.

Oligonucleotide is a polynucleotide, whose molecules contain a relatively
small number of nucleotides.

Oxidation is the loss of electrons or an increase in oxidation state by a
molecule, atom, or ion.

Oxidative stress is caused by reactive oxygen species (ROS). It is known
to result in the oxidation of biomolecules, thereby leading to cellu-
lar damage and it plays a key pathogenic role in the aging process.

Paclitaxel is a taxane drug used to treat ovarian, breast, lung, pancreatic
and other cancers.

Pathogen is a bacterium, virus, or other microorganism that can cause
disease.

Pathogenesis refers to the origin and development of a disease. It involves
the biological mechanism(s) that leads to the diseased state.

Peroxyl radical is a type of free radical derived from peroxide.

Per-partum occurs during the last month of gestation or the first few
months after delivery, with reference to the mother.

Pharmacopeia is a book containing directions for the identification of
compound medicines.
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Phytochemical refers to any of various biologically active compounds
found in plants.

Platelets are also called thrombocytes are a component of blood whose
function is to stop bleeding by clumping and clotting blood vessel
injuries.

Pleurisy refers to inflammation of the membranes (pleurae) that surround
the lungs and line the chest cavity.

Pluripotent activity is any extract or medicinal property that functions
via multiple mechanisms.

Polymenorrhea refers to the menstrual cycle abnormality.

Polymerase chain reaction (PCR) is a technique used in molecular biol-
ogy to amplify a single copy or a few copies of a piece of DNA
across several orders of magnitude, generating thousands to mil-
lions of copies of a particular DNA sequence.

Proliferation is cell growth used in the contexts of biological cell devel-
opment and cell division.

Promastigote is the flagellate stage of a trypanosomatid protozoan in
which the flagellum arises from a kinetoplast in front of the nucleus
and emerges from the anterior end of the organism.

Pro-oxidants are chemicals that induce oxidative stress, either by generat-
ing reactive oxygen species or by inhibiting antioxidant systems.

Protozoa is a diverse group of single celled eukaryotic organisms, which
may often be pathogenic.

Reactive oxygen species (ROS) are chemically reactive compounds con-
taining oxygen (e.g., peroxides, superoxide, hydroxyl radical, sin-
glet oxygen).

Resorption refers to the process or action by which something is reabsorbed.

Reverse transcription is the process used to generate complementary
DNA (cDNA) from an RNA template, using an enzyme called
reverse transcriptase.

Rheumatoid arthritis is a painful autoimmune inflammatory disease,

which results in chronic inflammation in joints (especially in the
fingers, wrists, feet and ankles) resulting in immobility.
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Ringworm is a contagious itching skin disease occurring in small circular
patches, caused by any of a number of fungi and affecting chiefly
the scalp or the feet. The commonest form is athlete’s foot.

Signal transduction is a set of chemical reactions that occur in cells when
a molecule (e.g. hormone) binds to a receptor and initiates a cas-
cade of reactions that amplify the response until eventually reach-
ing a target molecule or reaction.

Superoxide is a compound, which contains the superoxide anion (O,"). It
is a subclass of free radical.

Tannins are astringent polyphenolic plant secondary metabolites, which
have roles in protection of plants from predation.

Terpenoids (also called isoprenoids) are a large class of organic com-
pounds produced by plants derived from five carbon isoprene
units. Most are multicyclic and include monoterpenes, diterpenes,
and sesquiterpenes. They have the general formula (C,H,)n.

Therapeutic relates to the healing disease.

Tincture is typically an alcoholic extract of plant or animal material or
solution.

Traditional Chinese medicine (TCM) is a style of traditional Asian med-
icine, which uses herbal medicine, acupuncture, massage, exercise
and dietary therapy.

Trophozoite is a growth stage in the life cycle of some sporozoan para-
sites. This is the stage in which the absorb nutrients in the host.

Trypomastigote is a developmental stage of the genus Trypanosoma. This
is the freely circulating form of the protozoan parasite.

Tumor is a swelling of a part of the body, generally without inflamma-
tion, caused by an abnormal growth of tissue, whether benign or
malignant.

Vasoactive refers to an endogenous agent or pharmaceutical drug that has

the effect of either increasing or decreasing blood pressure and/or
heart rate through its vascular activity (effect on blood vessels).

Wart is raised bumps on the skin caused by the human papillomavirus
(HPV).



Glossary of Technical Terms 325

Xhosa people are a Bantu ethnic group of Southern Africa mainly found
in the Eastern Cape, South Africa.

Zone of inhibition is the clear region without microbial growth around
the disc (or well) in disc (or well) diffusion assays.

ao-amylase is a protein enzyme that hydrolyses alpha bonds of large,
alpha-linked polysaccharides, such as starch and glycogen, yield-
ing glucose and maltose.

B-lactam antibiotic is a class of broad-spectrum antibiotics that contain a
B-lactam ring in their structure. This class includes penams (penicil-
lin derivatives), cephalosporins, monobactams and carbapenems.
They generally work by inhibiting bacterial cell wall biosynthesis.
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“In this book, an assemblage of recent findings on the therapeutic potentials of several
medicinal plants/natural products is presented. The editors have selected chapters of original
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Readers are assured of interesting discoveries and an insight into the future position of
medicinal plants/natural products in modern therapeutics. | recommend the book.”
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This volume sheds new light on the immense potential of medicinal plants for human health from
different technological aspects. It presents new research on bioactive compounds in medicinal
plants that provide health benefits, including those that have proven especially effective in treating
and managing diabetes mellitus and hypertension. It looks at the medicinal properties, antioxidant
capacity, and antimicrobial activity of plants and provides scientific evidence on the use of
medicinal plants in the treatment of certain diseases. Many of the plants described in the chapters
are easily accessible and are believed to be effective with fewer side effects in comparison to
modern drugs in the treatment of different diseases.
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